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This  annotated b i b l i o g r a p h y  on the theory  o f  charged p a r t i c l e  
mot ion i n  magnetic f i e l d s  and the  s h i e l d i n g  aga ins t  charged p a r t i c l e  
r a d i a t i o n  us ing  magnetic f i e l d s  i s  d i v ided  i n t o  f i v e  sec t i ons :  
1 )  genera l  re ferences on charged p a r t i c l e  mot ion and cosmic rays, 
2) mot ion of untrapped p a r t i c l e s  i n  magnetic f i e l d s ,  3) mot ion o f  
t rapped p a r t i c l e s  i n  magnetic f i e l d s ,  4) r i n g  c u r r e n t s  i n  t h e  magneto- 
sphere and 5) space r a d i a t i o n  s h i e l d i n g  us ing  magnetic and e l e c t r i c  
f i e l d s .  
o f  cosmic rays and e n e r g e t i c  s o l a r  p a r t i c l e s  w i t h  t h e  geomagnetic f i e l d  
and those i n t e r e s t e d  i n  the a c t i v e  methods o f  s h i e l d i n g  aga ins t  space 
It should be h e l p f u l  t o  those i n t e r e s t e d  i n  t h e  i n t e r a c t i o n  
r a d i  a t i  on. 
App roved 
Exper iGenta l  -Physi is Department 
Approved 
D i  r e c t o r  o f  Research 
ii 
I .  
TABLE OF CONTENTS 
I N TRODUCT I ON 
GENERAL REFERENCES ON CHARGED PARTICLE MOTION AND 
COSMIC RAYS 
MOTION OF UNTRAPPED PARTICLES I N  MAGNETIC FIELDS 
MOTION OF TRAPPED PARTICLES I N  MAGNETIC F I E L D S  
RING CURRENTS I N  THE MAGNETOSPHERE 
SPACE RADIATION S H I E L D I N G  USING MAGNETIC AND ELECTRIC 
F I E L D S  
Page 
1 
3 
5 
18 
27 
33 
i i i  
INTRODUCTION 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
1 
I 
I 
T h i s  b i  bl iography was compi led w i t h  emphasis on the theoreti cal 
aspects of charged par t ic le  motion i n  magnetic and e l ec t r i c  f ie lds .  
Particles and f ie lds  research has abounded i n  recent years,  and the rate 
of production of  l i t e ra ture  i n  th is  area i s  very h i g h  a t  present. Since 
much o f  the l i t e ra ture  pertains t o  experimental measurement of d i s t r i -  
butions of  h i g h  energy particles,  only survey a r t i c l e s  on this type of 
l i t e ra ture  are l i s ted .  
graphy i s  the possibil i ty of using magnetic f ie lds  t o  shield space 
vehicles from charged par t ic le  radiation. 
t o  the interaction o f  cosmic rays w i t h  the geomagnetic f i e ld  makes much 
n f  the research on the cosmic ray problem applicable. Due t o  the s l igh t ly  
narrowed f i e ld  of in te res t ,  i t  will be necessary f o r  the reader t o  consult 
some of the general references, survey a r t i c l e s  and the bibliography 
(Hess, e t .  a l . ,  1965) l i s ted  in order t o  obtain a comprehensive l i s t i n g  
of a l l  the l i t e ra ture  pertaining t o  particles and f ie lds  research. An 
e f fo r t  has been made to  indicate those items which have good l i s t s  of 
references. 
The motivation f o r  the assembly of t h i s  biblio- 
The s imilar i ty  of th i s  problem 
The bibliography i s  divided into f ive sections: 
General references on charged par t ic le  motion and cosmic 
rays 
Motion of untrapped particles i n  magnetic f ie lds  
Motion of trapped particles i n  magnetic f ie lds  
Ring currents i n  the magnetosphere 
Space radiation shielding using magnetic and e l ec t r i c  f ie lds .  
W i t h i n  each section the references are arranged alphabetical ly  by f i  r s t  
author. I n  a few cases the decision as t o  which section an a r t i c l e  was 
t o  be assigned was somewhat arbitrary and i t  may be necessary to look i n  
more t h a n  one section for  a given ar t ic le  since there are no duplications. 
1 
I .  
Abstracts by the authors are included i f  they were available. 
I n  other cases the reviewer has attempted to  describe the contents of 
the reference and these descriptions may include statements from the 
texts o f  the references. 
2 
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GENERAL REFERENCES ON CHARGED PARTICLE MOTION 
AND COSMIC RAY INTERACTIONS 
A l f u & I ,  H .  and C. G. Falthammar, CosmieaZ Electrodynamics, oxford 
University Press, London, 228 p p . ,  1963 
The genera l  mot ion o f  charged p a r t i c l e s  i n  homogeneous and non- 
S lowly  v a r y i n g  magnetic f i e l d s  a re  considered and t h e  
homogeneous magnet ic f i e l  ds w i t h  and w i t h o u t  e l e c t r i c  f i e l  ds i s  t r e a t e d  
i n  some d e t a i l .  
a d i a b a t i c  i n v a r i a n t s  a re  discussed. Mot ion i n  t h e  d i p o l e  f i e l d  i s  
discussed u s i n g  Stormer 's  method and the  p e r t u r b a t i o n  method. The 
fundamental p r i n c i p l e s  o f  magnetohydrodynami cs , plasmas, and magneti c 
plasma are discussed. 
Chamberlain, J .  W . ,  Motion of Charged Par t ic les  in the  Earth's Mape t i e  
-3 Field Gordon and Breach, New York, 1964 
The author  has g iven a b r i e f  i n t r o d u c t i o n  t o  one area o f  plasma 
phys ics  d i r e c t e d  p r i m a r i l y  t o  geophysic is ts .  He has d e a l t  ma in ly  w i t h  
t h e  o r b i t  theory o f  p a r t i c l e s  i n  a magnetic f i e l d  w i t h  p a r t i c u l a r  
mot ion i n  a d i p o l e  f i e l d  i n c l u d i n g  a rev iew o f  Stormer 's  theory  and the  
f o r b i d d e n  reg ions d e r i v e d  therefrom. A chapter  i s  devoted t o  t h e  
Guiding-Center theory  o f  p a r t i c l e  o r b i t s  where t h e  a d i a b a t i c  i n v a r i a n t s  
o f  t h e  mot ion o f  charged p a r t i c l e s  i n  t h e  geomagnetic f i e l d  are discussed. 
_. 
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Hess, W. N., G. D. Mead and M .  P. Nakada, "Bibliography o f  Part ic les  
and Fields Research," NASA TMX 55192, 89 p . ,  January,  1965 
This  b i b l i o g r a p h y  i s  in tended t o  be a comprehensive l i s t  o f  a l l  
p u b l i s h e d  s c i e n t i f i c  papers on p a r t i c l e s  and f i e l d s  research beg inn ing  
i n  1957. 
and i t s  e f f e c t s  on t h e  e a r t h ,  r a d i a t i o n  b e l t s ,  a r t i f i c i a l  r a d i a t i o n  b e l t s ,  
aurora ,  s o l a r  e n e r g e t i c  p a r t i c l e s ,  G a l a c t i c  Cosmic rays,  geomagnetism, 
neut rons  and general  references. 
It i s  organized i n t o  n i n e  s u b j e c t  ca tegor ies :  t h e  s o l a r  wind 
Johnson, T .  H . ,  "Cosrr.6c-Rcry In tens i ty  and Geomagnetic Ef fec ts  It, Revs. 
Mod. Phgs. - 10, 1938 
t h a t  da te  and g ives  a comprehensive b i b l i o g r a p h y  o f  t h e  l i t e r a t u r e .  
Under the  theory o f  geomagnetic e f f e c t s ,  Stormer 's  theory o f  exc luded 
r e g i o n s ,  the L e m a i t r e - V a l l a r t a  theory o f  t h e  a1 lowed cone, t h e  geographica l  
d i s t r i b u t i o n  o f  cosmic r a y  i n t e n s i t y  and c o r r e l a t i o n  o f  geomagnetic cosmic- 
r a y  e f f e c t s  are discussed. 
Th is  paper presents  a review o f  t h e  knowledge on cosmic rays  t o  
3 
Lehwr t ,  Bo, Dynamics o f  Charged ParticZes, North HoZ 2and Publishing 
company, Amsterdam and Interscience PubZishers, N e u  York, 1964 
The dynamics of ionized matter in e l e c t r i c  and magnetic f ie lds  
are presented mainly on basis of a single par t ic le  picture. 
equations governing the motion of charged par t ic les  in e l ec t r i c  and 
magnetic f ie lds  are discussed in detail .  
theory including f i r s t  order and higher order approximations and the 
guiding center approximation. A chapter i s  devoted to  the adiabatic 
invariants of the motion of trapped par t ic les .  The radiation of charged 
particles moving i n  magnetic fields i s  also discussed. 
The basic 
A chapter i s  devoted t o  orb i t  
S m d s t G m ,  A .  E., Cosmic Rag Physics, North Ho22and Publishing Conpany, 
Amstex?um, John Wiley & Sons, New York; 421 p.  1965 
A good general survey of the whole field of cosmic rays i s  given. 
Of pa4ticular in te res t  i s  the chapter on cosmic rays and the ear th ' s  
magnebjc field. 
theordm, the east-west asymmetry and azimuthal e f fec t  I the longitudinal 
e f fec t ,  threshold r ig id i t ies  and asymptotic directions i n  a dipole f i e ld  
are discussed. 
and the motion of trapped particles. 
In this chapter, the Storrner's theory, Liouville's 
Another chapter i s  concerned w i t h  the radiation belts 
Sp i t ze r ,  Lyman, J r . ,  Phgsics of f i l l y  Ionized Gases, Interscience Publishers, 
Inc., New York, 1956 
The f i r s t  chapter deals w i t h  the fundamentals o f  charged motion i n  
various combinations of e l ec t r i c  and magnetic f ie lds .  
chapters are concerned w i t h  a macroscopic description of the behavior of 
a fu l ly  ionized gas. 
Ihe remaining 
S t & n e r ,  Carl ,  The PoZar Aurora, Oxford University Press, London, 1955 
the au thor  gives a rather detailed discussion of the dynamics of charged 
par t ic les  i n  magnetic dipole fields.  
this  f ie ld  i s  summarized. 
analyzed and the constants o f  motion are found.  lhe allowed and forbidden 
regions are discussed and the results of numerical integration of numerous 
par t ic le  t ra jector ies  are presented. 
I n  a d d i t i o n  to a v i v i d  and comprehensive discussion of the aurora, 
The pioneering work by Stormer i n  
The differential equations o f  motion are 
4 
MOTION OF UNTRAPPED PARTICLES I N  MAGNETIC FIELDS 
Alpher, R. A. , "Theoretical Geomagnetic E f f ec t s  i n  Cosmic Radiation, ' I  
Jour. Geophys. Res. 55, No. 4, p .  437, 1950 
A b r i e f  review i s  g i v e n  o f  the theory  o f  t h e  e f f e c t  o f  t he  e a r t h ' s  
magnetic f i e l d  on cosmic r a d i a t i o n .  The b a s i c  r e s u l t s  o f  t h e  theo ry  are 
presented i n  g raph ica l  form and are i n tended  t o  be u s e f u l  i n  t h e  e x p e r i -  
mental i n v e s t i g a t i o n  o f  cosmic r a d i a t i o n .  
curves o f  minimum energy o f  a r r i v a l ,  as measured i n  Stormer u n i t s ,  uersus 
azimuth angle, f o r  z e n i t h  angles a t  10" i n t e r v a l s ,  a r i s i n g  f rom t h e  com- 
b i n e d  Stormer and shadow cone ( f o r  a l l  l a t i t u d e s  a t  10" i n t e r v a l s ) ,  and 
from the  main cone ( a t  l a t i t u d e s  0", 20°, and 30").  Minimum momentum i n  
BeV/c and minimum energy i n  BeV f o r  p ro tons  and heavy n u c l e i  a r e  g iven 
versus geomagnetic l a t i t u d e  f o r  azimuths N, S, E, and W ,  a t  a l l  z e n i t h  
angles i n  15" steps. Other a v a i l a b l e  p resen ta t i ons  of  the b a s i c  theory  
are mentioned and the  conversion procedures i n v o l v e d  i n  t h e  a p p l i c a t i o n  
o f  t h e  theo ry  are described. 
The m a t e r i a l  p resented  i nc ludes  
(Author)  
Bland, C. J . ,  "A Laboratory Scale Model f o r  the  Inves t iga t ion  of Cosmic 
Ra; Threshold R?:g?:&-f;iss, '' Phi.?.; Mcg. - ?, 8th S O F ~ S ,  p .  148? = 2501, 2,062 
A technique i s  descr ibed f o r  the s tudy  o f  t he  geomagnetic t h r e s h o l d  
r i g i d i t i e s  by means o f  a l a b o r a t o r y  s c a l e  model i n  which t h e  mot ion o f  t he  
cosmic ray  p a r t i c l e s  i n  the e a r t h ' s  magnetic f i e l d  i s  s imu la ted  by t h a t  
of a beam o f  e l e c t r o n s  moving i n  the magnetic f i e l d  o f  a t e r r e l l a ,  sca led  
so as t o  rep resen t  t h e  geomagnetic f i e l d .  Stormer and main cone t h r e s h o l d  
r i g i d i t i e s  have been de tec ted  by t h i s  technique both f o r  the d i p o l e  rep re -  
s e n t a t i o n  o f  t h e  geomagnetic f i e l d  and for  a f i e l d  i n c l u d i n g  non-d ipo le  
terms rough ly  s i m i l a r  i n  magnitude t o  those o c c u r r i n g  i n  the e a r t h ' s  
f i e l d .  The m o d i f i c a t i o n s  t o  the Stormer t h r e s h o l d  r i g i d i t i e s ,  c a l c u l a t e d  
by t h e  Quenby-Webber method f o r  the t e r r e l l a  f i e l d ,  have been checked and 
a p r e l i m i n a r y  i n v e s t i g a t i o n  o f  t h e  e f f e c t  on the  t h r e s h o l d  r i g i d i t i e s  of  
un i fo rm f i e l d s  has been c a r r i e d  out, (Author)  
Fermi ,  E . ,  Nuclear Physics, University o f  c"nicago Press, Chicago, p p .  224 
- 234, 1950 
The mot ion o f  charged p a r t i c l e s  i n  the  e a r t h ' s  magnetic f i e l d  i s  
discussed i n  d e t a i l  assuming t h a t  the e a r t h ' s  f i e l d  i s  t h a t  o f  an o f f -  
cen tered  d i p o l e .  The Lagrangian equations o f  mot ion i n  s p h e r i c a l  coo rd i -  
nates are used t o  d e r i v e  t h e  Stormer i n t e g r a l .  The a l lowed and fo rb idden 
reg ions  are discussed; the Stormer cone and t h e  shadow e f f e c t  o f  the e a r t h  
are exp la ined.  The a p p l i c a t i o n  of L i o u v i l l e ' s  theorem t o  t h e  c a l c u l a t i o n  
of cosmi c ray  i n t e n s i t i e s  i s  reviewed. 
5 
I .  
Firor, John, "Cosmic Radiation Intensity-Time Variations and !Their 
O r i g i n .  I V .  Increases Associated With Solar Flares, Phys. Rev. 94, 
No. 4, p .  1017, 1954 
-
The distribution on the earth of the impact points fo r  par t ic les  
of magnetic r ig id i t ies  1 t o  10 Bv ,  which originally approach the earth 
from the direction of the sun, i s  derived, using principally the published 
results of numerical integrations o f  cosmi c-ray orbits and model experi - 
ments on the motion of charged particles i n  a dipole magnetic f ie ld .  
Three impact zones fo r  such particles are discussed. Two of these zones 
include ohly a small range of local times and, for  the special case of the 
sun i n  the plane o f  the geomagnetic equator, are centered near 4 a.m. and 
9 a.m. The third zone has no strong local time dependence. Assuming the 
source of charged particles t o  subtend a f i n i t e  angle a t  the ear th ,  the 
relative counting rates for  detectors i n  the three zones are estimated. 
The counting rate due t o  particles from the sun i s  expected t o  be three 
t o  seve 
nonloca 1 -time dependent, zone. The morning impact zones are shown to  have 
a seasooal motion of several hours i n  local time. 
times larger  in the morning zones than i n  the background, o r  
Reports of observations made d u r i n g  four large increases of cosmic- 
ray intensity a t  the times o f  solar f la res  are compared w i t h  the d i s t r i -  
bution predicted fo r  particles from the sun. 
agree w i t h  the predicted distribution and counting rate except a t  very 
h i g h  lat i tudes on the earth. 
s ugges ted. ( Author 
The observed increases 
A possible reason for th i s  discrepancy i s  
Gall, Ruth, "Penetration Through the  Magnetopause and Trapping i n  I t s  
V i k n i t y , "  Jour. Geophys. Res. 69, No. 19, p .  4157 - 4161, 1964 
the geomagnetic dipole f i e ld  which is confined t o  the maqnetosPhere bv  
The Stormer theory of  allowed and forbidden regions i s  applied t o  
Injection and trapping of cosmic rays-and solar  pr'btons 
f i e ld  are considered. 
the so la r  plasma. 
into the distorted 
Hunter, R. A., ''On 
1 5  - 23, 1939 
the Penmiha of Cosmic Radiation," Phys. Rev. 55, p p .  
The development o f  the theory of the penumbra i s  given, and a few 
examples of penumbral t ra jector ies  a r e  shown. 
energy a n d  lat i tude h a v i n g  penumbral regions are indicated. Two methods 
of analyzing the d a t a  obtained by means o f  Bush's Differential Analyzer 
are $iven: the f i r s t  yielding the allowed directions f o r  j u s t  one type 
of penumbral o r b i t  over a l l  latitudes and for one energy; the second 
g i v i n g  the whole penumbra for  one energy and one la t i tude.  The energy 
chosen i n  each case was r = 0.425 Stormer (1.08 x lo1* ev fo r  electrons).  
By means of the second method, the almost complete allowed cone i s  obtained 
for  t h i s  energy and for  a geomagnetic l a t i t u d e  of 20". 
Pairs of values of  the 
(Author) 
6 
J o q ,  F. S . ,  "Influence of Geomagnetic Quadrupole Fields Upon Cosmic- 
Ray Intensi ty ,"  Phys. Rev. 102, No. 4,  p p .  1167 - 1173, 1956 
e a r t h ' s  magnet ic f i e l d  has been ca lcu la ted ,  u s i n g  the r e s u l t s  o f  t h e  
magnet ic survey of  1945. The e f f e c t  p r e d i c t e d  f rom t h e  zonal quadrupole 
term i s  a n o r t h e r n  s h i f t  o f  t h e  cosmic-ray l a t i t u d e  curve. The 1945 
magnet ic c e n t e r  was c a l c u l a t e d ,  using Schmidt 's  method, and i t  i s  0.0629 
e a r t h  r a d i i  f rom t h e  center  o f  the  e a r t h  as compared t o  0.0536 e a r t h  
r a d i i  i n  1922. The s h i f t  i n  magnetic c e n t e r  r e s u l t s  i n  an inc rease i n  
t h e  p r e d i c t e d  l o n g i t u d e  e f f e c t .  The r e s i d u a l  o r  s e c t o r i  a1 quadrupole 
e f f e c t  upon cosmic-ray i n t e n s i t y  i s  p r e d i c t e d  t o  be a two-per iod s i n e  
curve i n  the  l o n g i t u d e  e f f e c t .  
-
The e f f e c t  upon cosmic-ray p a r t i c l e s  o f  the  quadrupole p a r t  o f  t h e  
(Author) 
J o q ,  F. S., "Selected Cosmic-Ray orbits i n  the Earth's Magnetic Field," 
Phys. Rev. 103, No. 4, p p .  1065 - 1075, 1956 
A s e t  o f  663 charged-par t i c le  o r b i t s  i n  t h e  e a r t h ' s  d i p o l e  
magnet ic f i e l d  has been ob ta ined by i n t e g r a t i o n ,  u s i n g  t h e  A V I D A C  
computer of the Argonne N a t i o n a l  Laboratory.  
i n t e n s i t y  increases associated w i t h  s o l a r  f l a r e s .  The c a l c u l a t i o n  o f  
i n t e n s i t y  increases f o r  d i f f e r e n t  l o c a t i o n s  on the e a r t h  i s  discussed 
u s i n g  the o r b i t  r e s u l t s .  (Author )  
The o r b i t s  i n t e g r a t e d  were 
se lec t2b  accord ing t o  +t-m:r . i--C.. ---- L ~ C I  u s c l u l l i e b b  i n  the af ia l j is is  o f  cosmic-ray 
Kasper, J .  E . ,  "The Earth's Simple 
Suppl.  Nuovo Cimento - XI, Series X ,  
shadow E f f ec t  on Cosmic Radiation,rt 
No. I, 1959 
T h i s  paper descr ibes a new n v e s t i g a t i o n  o f  t h e  e a r t h ' s  s imple 
shadow e f f e c t  on cosmic r a d i a t i o n .  
s i m p l e  shadow cones are i n  e r r o r .  The new shadow cones are o b t a i n e d  by 
n u p e r i c a l l y  i n t e g r a t i n g  the  equations of mot ion f o r  a l a r g e  number o f  
charged p a r t i c l e  t r a j e c t o r i e s  on a h i g h  speed computer. 
I t  i s  shown t h a t  p r e v i o u s l y  pub l i shed 
Kasper, J .  E . ,  "Geomagnetic Ef fec ts  on Cosmic Radiation For Observation 
Points Above the Earth," Jour. Geophys. Res. - 65,  No. I ,  p p .  39 - 53, 
1960 
The theory o f  geomagnetic e f f e c t s  on cosmic r a d i a t i o n  i s  discussed 
f o r  t h e  case i n  which the p o i n t  o f  observa t ion  i s  above t h e  sur face  o f  
t h e  e a r t h .  
f o r  a p p l i c a t i o n  under the new condi t ions;  t h e  manner i n  which o r d i n a r y  
Stormer theory  and t h e  L e m a i t r e - V a l l a r t a  theory  o f  t h e  main cone can be 
adapted i s  discussed. However, the s imp le  shadow cones o f  Schremp appear 
now i n  a new l i g h t ;  as t h e  p o i n t  o f  observa t ion  r i s e s  f rom the  e a r t h ,  t h e  
s i m p l e  shadow e f f e c t  which e x i s t s  a t  the e a r t h  makes a smooth t r a n s i t i o n  
t o  a new k i n d  o f  e a r t h ' s  shadow e f f e c t .  Associated w i t h  t h i s  e f f e c t  are 
Par ts  o f  t h e  o l d e r  geomagnetic theory  are r e a d i l y  m o d i f i a b l e  
7 
principal shadow cones w h i c h  are defined by reference t o  the properties 
of certain families of trajectories.  For observation points above the 
earth,  a modification i n  our  view of the penumbral region i s  required; 
th i s  i s  discussed very briefly.  
shadow cones have been carried out by machine integration of the equations 
of motion and subsequent abstraction of d a t a  from these t ra jec tor ies .  
Sample computed cones are given for representative p a r t i  cle ri g i  d i  t i e s ,  
geomagnetic la t i tudes,  and  altitudes o f  observation. 
approximation for the magnetic field o f  the earth i s  used th roughou t .  
(Author) 
Extensive computation of principal 
The centered dipole 
KeZ Zogg, P. J . ,  "CaZcuZations o f  Cosmic-Ray Trajectories Near the Equator, I t  
Jour. Geophys. Res. 5, No. 9 p p .  2701 - 2703, 1960 
carried out on a f a s t  electronic computer, using the 48-parameter 
expression for  the ear th 's  magnetic f ie ld .  
accord w i t h  observations. (Author) 
New calculations of cu to f f  r ig id i t ies  near the equator have been 
The results are i n  good 
XeZsuZZ, Thomas, ! !S"ohr Proton impact Zones, i i  Jour. Geophys. Res. -J 6'6 No. 
12,  pp. 4047 - 4070, 1 5  refs., 1961 
The t ra jector ies  of charged particles moving i n  a magnetic dipole 
f i e ld  have been calculated by numerical integration for application t o  
data on the intensity variation of cosmic rays during recent so la r  
events. All seasons and times of day have been covered by assuming a 
range of orientations of  the incident par t ic le  beam w i t h  respect t o  the 
magnetic dipole axis. The points of  impact w i t h  the earth have been 
determined for  protons w i t h  energies from 0.05 to 50 BeV. The compu- 
ta t ion includes 4000 t ra jector ies  and f i l l s  several gaps i n  previous 
investigations, In  agreement w i t h  e a r l i e r  calculations, the results 
indicate t h a t  the protons s t r ike  in well-defined areas between 0 and 
1200 hours local time and are focused i n t o  small areas of  impact a t  low 
energies. The investigation has revealed two points t h a t  are n o t  new 
b u t  have received relatively l i t t l e  attention i n  e a r l i e r  work. 
the relative number of impacts i n  the northern and southern geomagnetic 
hemispheres i s  strongly dependent on season. 
conditions o f  season there i s  a class of t ra jec tor ies ,  w h i c h  may be called 
quasi-trapped, constituting a s e t  of paths resembling the trapped t ra jec-  
to r ies  f i r s t  discovered by Stormer b u t  connected t o  in f in i ty .  
suggested t h a t  injection into trapped orbits from these quasi-trapped 
t ra jector ies  may make a contribution t o  the p o p u l a t i o n  of  the Van Allen 
be l t s .  (Author) 
First, 
Second, under certain 
I t  i s  
Koeni?, H .  P., "The Solid Angle subtended By the Main and Shadow Cones Df 
Cosmic fiadiation," Phys. Rev. 58, No. 5 ,  p p .  385 - 386, 1940 
For the calculation of the longitude and lat i tude e f fec ts ,  as 
well as the time variations, of charged primary cosmic r a d i a t i o n ,  the 
8 
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knowledge o f  t h e  s o l i d  angle subtended by t h e  main and shadow cones f o r  
a l l  l a t i t u d e s  and energ ies i s  e s s e n t i a l .  
over  a wide range o f  energy and l a t i t u d e  f rom t h e  r e s u l t s  of Lemai t re  and 
V a l l a r t a ,  and f rom those o f  Schremp, and t h e  r e s u l t s  g iven i n  t h e  fo rm 
o f  severa l  graphs. 
Th is  s o l i d  angle i s  c a l c u l a t e d  
Lemaitre, G. and M .  S. VaZZarta, "On Coqton's  Lat i tude Ef fec t  of  Cosmic 
Radiation," Phys .  Rev. - 43, No. 2 ,  pp. 87 - 91, 1933 
By c o n s i d e r i n g  t h e  i n f l u e n c e  o f  t h e  e a r t h ' s  ma n e t i c  f i e l d  on t h e  
mot ion o f  charged p a r t i c l e s  (e lec t rons ,  protons,  e t c .  B coming t o  the 
e a r t h  f rom a l l  d i r e c t i o n s  i n  space, i t  i s  shown t h a t  t h e  exper imenta l  
v a r i a t i o n  of cosmic-ray i n t e n s i t y  w i t h  magnet ic l a t i t u d e ,  as found b y  
Compton and h i s  c o l l a b o r a t o r s ,  i s  f u l l y  accounted f o r .  
r a d i a t i o n  must c o n t a i n  charged p a r t i c l e s  o f  energy between l i m i t s  g iven  
i n  t h e  paper. For  predominant ly  negat ive p a r t i c l e s ,  t h e r e  must be i n  
t h e  r e g i o n  o f  r a p i d l y  v a r y i n g  i n t e n s i t y  a predominant amount o f  rays 
coming f rom the e a s t  and conversely f o r  p o s i t i v e  rays.  Because o f  t h e  
f a c t  t h a t  i n  reg ions near  the  magnetic equator  t h e r e  i s  a predominance 
o f  rays coming n e a r l y  h o r i z o n t a l l y ,  the absorp t ion  by t h e  atmosphere may 
be increased. (Author)  
The cosmic 
Lemaitre, G. and M. S .  VaZlarta, "On the Geomagnetic Analysis of Cosmic 
Hadiation," Phys. Rev. - 49, p p .  719 - 726, 1936 
The r e s u l t s  o f  an ex tens ive  s tudy o f  t r a j e c t o r i e s  asymptot ic  t o  a 
c e r t a i n  f a m i l y  o f  p e r i o d i c  o r b i t s  i n  the e a r t h ' s  magnet ic f i e l d ,  
c a r r i e d  ou t  by means o f  Bush's d i f f e r e n t i a l  ana lyzer ,  a re  presented i n  
t h i s  paper. The theory  o f  the  reg ion  o f  f u l l  l i g h t ,  o r  main cone, i s  
f u l l y  discussed. 
cone i n  the p lane o f  t h e  geomagnetic mer id ian  and i t  i s  shown t h a t  t h e  
nor th -south  asymmetry fu rn ishes  the most d i r e c t  approach t o  the  a n a l y s i s  
o f  t h e  energy spectrum i n  a wide region, independent ly  o f  t h e  p a r t i c l e s '  
s i g n .  Fur ther ,  i t  i s  shown t h a t  the genera l  shape and the minimum o f  t h e  
nor th -south  asymmetry d iscovered by Johnson i n  t h e  course o f  h i s  Mexican 
exper iments a re  f u l l y  accounted f o r  by the  a c t i o n  o f  t h e  e a r t h ' s  f i e l d .  
(Author )  
A t t e n t i o n  i s  then r e s t r i c t e d  t o  t h e  s e c t i o n  o f  the main 
Lemaitre, G. m d  M. S.  VaZZarta, "On the Allowed Cone o f  Cosmic Radiation," 
Phys .  Rev. - 50, No. 6, p p .  493 - 504, 15  refs. 1936 
t o  a known f a m i l y  o f  uns tab le  p e r i o d i c  o r b i t s  i n  t h e  e a r t h ' s  d i p o l a r  
magnet ic f i e l d ,  c a r r i e d  o u t  by means of Bush's d i f f e r e n t i a l  analyzer ,  
a r e  presented i n  t h i s  paper. 
methods o f  determin ing asymptot ic  t r a j e c t o r i e s  by means o f  the d i f f e r e n t i a l  
ana lyzer  and by numer ica l  i n t e g r a t i o n  o f  a whole family a t  a t ime; 
comparison o f  the r e s u l t s  obta ined shows the  absence o f  systemat ic  e r r o r s  
F u r t h e r  r e s u l t s  o f  an extens ive s tudy  o f  t r a j e c t o r i e s  asymptot ic  
A d e t a i l e d  d iscuss ion  i s  g iven o f  o u r  
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of any consequence i n  the mechanical integrations and exhibits the 
precision attained w i t h  the differential  analyzer. The families of  
asymptotic t ra jector ies  are then analyzed systematically i n  order t o  
determine the main cones for latitudes up  t o  30'. This leads t o  the 
theory of the azimuthal e f f ec t  and a study of the region i n  the vicinity 
of the zenith. (Author) 
L & t ,  R., "Impact Zones For Sotar  Cosmic-Ray Particles," Phys. Rev. 105, 
N O .  6 ,  p p .  1827 - 1839, 1957 
Orbits for  cosmic-ray particles starting from the vicinity of the 
sun and  passing through the geomagnetic dipole f i e l d  were integrated by 
using the A V I D A C  computer a t  the Argonne National Laboratory. 
methods for  integration used in Chicago and Gottingen were compared. 
Counting rates a t  the top of  the atmosphere were calculated from the 
integrated orbits i n  order t o  make possible the analysis of cosmic-ray 
intensity increases d u r i n g  solar flares.  Different source widths and 
declinations were assumed. The calculated counting rates are based on a 
f l a t  r igidi ty  spectrum a t  the source. This investigation shows t h a t :  
a )  dis t inct ive impact zones ex is t  even for large source widths; b )  the 
position o f  these zones and the counting rates w i t h i n  these zones depend 
strongly upon the declination of the source; c )  the ear th ' s  magnetic 
fie1 d produces a focusing e f f ec t  especi a1 ly a t  higher l a t i  tudes. 
The 
(Author) 
Mac Leod, M .  A .  and R. W .  Waniek, "Inject ion of High Velocity Charged 
Par t ic les  i n t o  Strong Magnetic FZelds," Jour. Applied Phys. 34, No. 5, 
p p .  1475 - 1423, 1963 
A general formulation of the axially symmetric, magnetostatic 
f i e l d ,  forbidden-zone theory i s  given and the useful concept of the 
paraxial forbidden zones i s  introduced. This theory i s  then applied to 
obtain quali tative answers to  the injection problem for  the bel 1-shaped 
f i e l d  f o r  b o t h  zero and non-zero values o f  the angular momentum constant, 
Quantitative relations for  the zero angular  momentum constant case are 
obtained using the bell-shaped field paraxial t ra jec tor ies .  A discussion 
of the limitations of the approximations employed i s  included. (Author) 
Prescot t ,  A. D . ,  '%istr ibut ion of Unbound Charged ParticZes i n  the S t a t i c  
Magnetic Field pf a Dipole, I' NASA TMX-51312, N64-17685, 78  p . ,  24 r e f s . ,  
1964 
The distribution of re la t iv i s t ic  unbound charged particles in the 
s t a t i c  magnetic f ie ld  of a dipole w i t h  respect t o  a monoenergetic, 
isotropic ,  time independent homogeneous distribution a t  in f in i ty  i s  
determined by assuming Liouville's theorem a n d  the Stormer theory of 
allowed and forbidden regions for  unbound  par t ic le  motion. For an 
10  
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i s o t r o p i c  d i s t r i b u t i o n ,  the al lowed s o l i d  angle f o r  p a r t i c l e  mot ion a t  any 
given p o i n t  ( r ,  8 ,  4 )  i n  the f i e l d  i s  determined by mapping p o i n t  (r, e,  4 )  
i n t o  the a l lowed and fo rb idden regions of Stormer space, v i a  the  Stormer 
t rans fo rma t ion ,  a t  a p a r t i  c u l  a r  p a r t i c l e  impact parameter. 
and p a r t i a l l y  s h i e l d e d  reg ions a re  de f i ned  and are examined w i t h  p a r t i c u l a r  
emphasis on t h e  s h i e l d i n g  e f fec t i veness  o f  t h e  p a r t i a l l y  s h i e l d e d  r e g i o n  
t o  charged p a r t i c l e s .  The volumes o f  t he  t o t a l l y  and p a r t i a l l y  s h i e l d e d  
reg ions  are n u m e r i c a l l y  computed. Once t h e  t o t a l l y  and p a r t i a l l y  s h i e l d e d  
reg ions  are es tab l i shed ,  t h e  momentum c u t o u t  i n  momentum space a t  p o i n t  
(r, e, 0) i s  determined by mapping the  p o i n t  i n t o  the  t o t a l l y ,  p a r t i a l l y ,  
and unsh ie lded reg ions  i n  Stormer space w i t h  p a r t i c l e  momentum as a 
v a r i a b l e .  These methods are then used t o  compute t h e  p ro ton  f l u x  r a t i o  
a t  p o i n t s  on the su r face  o f  a spher i ca l  spaceship as a f u n c t i o n  o f  
p a r t i c l e  k i n e t i c  energy. 
f i n i t e  c u r r e n t  loop and a study o f  the t o t a l l y  and p a r t i a l l y  s h i e l d e d  
reg ions  shows t h a t  t h e  p a r t i a l l y  sh ie lded r e g i o n  prov ides  p r o t e c t i o n  i n  
t h e  h i g h  energy regime where t h e  t o t a l l y  s h i e l d e d  r e g i o n  i s  e f f e c t i v e l y  
nonex is ten t .  (Au tho r )  
The t o t a l  l y  
The theory i s  a p p l i e d  t o  the  d i p o l e  f i e l d  o f  a 
Febrmaq, 19 
A new 
i s o l a t e d  r e g  
saddle p o i n t  
e x i s t  i n  any 
P r c ~ ~ c o t t ,  A .  C., "Some 3 - ~ J r n ~ . t - a i !  f -arac!tem:atics of Charged Part ic le  
Motion i n  AxiaZZy Synnnetric MuZtipoZe Fie Ids, ' I  M F C ,  R-RP-INN-65-1, 
5 
method o f  de termin ing  the  p o i n t s  i n  phase space where two 
ons o f  pe rm iss ib le  charged p a r t i c l e  mot ion connect a t  a 
i s  developed a f t e r  showing where and why saddle p o i n t s  can 
a x i a l l y  symnetr ic i n f i n i t e s i m a l  magnetic f i e l d .  The method 
The mag- 
i s  a p p l i e d  "to any a x i a l l y  symnetr ic i n f i n i t e s i m a l  m u l t i p o l e  f i e l d  and then 
t o  any general  a x i a l l y  symmetric magnetic f i e l d  y i e l d i n g  c o n d i t i o n s  on t h e  
f i e l d  components which must be s a t i s f i e d  a t  each saddle p o i n t .  
n e t i c  f i e l d  components are uniquely d e f i n e d  a t  each saddle p o i n t  i n  any 
general  a x i a l l y  symmetric magnetic f i e l d ,  and an e m p i r i c a l  method o f  
f i n d i n g  saddle p o i n t s  by examining con tou r  maps o f  the magnetic f i e l d  
components i s  presented. The magnetic f i e l d  i s  shown t o  be p a r a l l e l  t o  
t h e  magnetic moment a x i s  a t  each saddle p o i n t  l e a d i n g  t o  the ex i s tence  
o f  a c i r c u l a r  bound o r b i t  a t  each saddle p o i n t  i n  any general  a x i a l l y  
symmetric f i e l d .  
The number o f  saddle po ints ,  t h e i r  coord ina tes ,  and symmetric 
p r o p e r t i e s  o f  charged p a r t i c l e  motion i n  the a x i a l l y  symmetric i n f i n i -  
t es ima l  m u l t i p o l e  f i e l d s  a r e  presented and discussed. The s u f f i c i e n c y  
c o n d i t i o n  f o r  t he  ex i s tence  o f  a saddle p o i n t  i s  c r i t i c a l l y  examined, and 
i t  i s  shown t h a t  i n  any a x i a l l y  symmetric i n f i n i t e s i m a l  m u l t i p o l e  f i e l d  
the necessary c o n d i t i o n  i s  bo th  necessary and s u f f i c i e n t .  (Author)  
11 
Quenby, J .  J .  and W.  R. Webber, tfCosmic Ray Cut-Off R ig id i t i e s  and the 
Earth's Magnetic FieZd," PhiZ. Mag. - 4, 8th Series ,  p p .  90 - 113, 1959 
Approximate values o f  the v e r t i c a l  c u t - o f f  r i g i d i t i e s  f o r  cosmic 
r a y  p a r t i c l e s  i n  the  e a r t h ' s  magnetic f i e l d  have been deduced t a k i n g  i n t o  
account bo th  d i p o l e  and non-d ipo le p a r t s  o f  the  i n t e r n a l  f i e l d .  
v e r t i c a l  cu t -o f f  r i g i d i t y  f o r  a d i p o l e  f i e l d  a t  l a t i t u d e  
P = (M/4re2) cos4 A where M i s  t h e  d i p o l e  moment and r e  i s  the r a d i u s  
o f  the  ear th .  
d i p o l e  p a r t s  o f  the  f i e l d  o f  t h e  ear th .  The accuracy o f  t h e  c a l c u l a t e d  
values i s  discussed and i t  i s  shown t h a t  they  f i t  t h e  exper imenta l  da ta  
r a t h e r  w e l l .  
The 
i s  g i v e n  by 
Cor rec t ions  are added t o  t h i s  express ion f o r  the non- 
Quenby, J .  J .  and G. J .  Wenk, "Cosmic Ray ThreshoZd R ig id i t i e s  and the 
Earth's Magnetic Field," Phil .  Mag. 1, p p .  1457 - 1471, 1962 
Approximate c o r r e c t i o n s  t o  the v e r t i c a l  t h r e s h o l d  r i g i d i t i e s  f o r  
cosmic rays i n  t h e  e a r t h ' s  magnet ic f i e l d  are g iven which t a k e  i n t o  
account b o t h  the e f f e c t s  o f  t h e  ncn-d ipo le p a r t  of  the i n t e r n a l  f i e l d  and 
t h e  penumbra. The th resho lds  are  tabu la ted  every 2 1/2" geographic 
l a t i t u d e  and every 5" geographic long i tude.  The accuracy o f  these t h r e s -  
ho lds i s  discussed and i t  i s  shown t h a t  they f i t  exper imenta l  data b e t t e r  
than do the  approximat ions o f  Quenby and Webber, 1959. 
Ray, E .  C. m d  J .  E. Kasper, "Some Thsorems Concerning the Motion of an 
EZectricaZZy Charged ParticZe i n  a Dipole Magnetic FieZd," Annals Phys. 
-, 20 p p .  119 - 131, 1962 
We prove var ious theorems r e l a t e d  t o  t h e  a p p l i c a t i o n  t o  cosmic rays 
o f  t h e  theory  o f  t h e  mot ion o f  an e l e c t r i c a l l y  charged p a r t i c l e  i n  a 
d i p o l e  magnetic f i e l d .  The theorems are e s s e n t i a l l y  those c o n j e c t u r e d  
by Schremp. 
t o r i e s  o f  t h e  f i r s t  and second kinds have c e r t a i n  p r o p e r t i e s  i n  the  la rge .  
These p r o p e r t i e s  can be v e r i f i e d  numer ica l l y  and by s e r i e s  expansions i n  
any p a r t i  c u l  a r  case. 
I n  making the  proo fs ,  we assume t h a t  t h e  s o - c a l l e d  t r a j e c -  
(Author )  
Ray, E .  C., "Theorems Concerning the AlZowed Cone of Cosmic Radiation," 
Goddard Space FZight Center (X63-12333), 1963 
A p r e v i o u s  i n v e s t i g a t i o n  of t h e  cosmic r a y  shadow cone and low l a t i t u d e  
main cone i s  extended t o  i n c l u d e  the main cone a t  a l l  h i g h e r  l a t i t u d e s .  
The r e s u l t s  a re  embodied i n  b o  theorems which s p e c i f y  t h e  n a t u r e  o f  a 
boundary o f  a c lass  of t r a j e c t o r i e s ,  none o f  which a r e  forb idden.  
numer ica l  r e s u l t s  a r e  inc luded.  (Author)  
No 
12 
Ray, E. C. ,  "On the Motion of &urged Part ic les  in the Geomagnetic Field," 
Annals Phys. 24, p p .  1 - 18, 1963 
We c o n s t r u c t  an approximate f i r s t  i n t e g r a l  o f  t h e  equat ions o f  
mot ion o f  a charged p a r t i c l e  i n  a s t a t i c  magnet ic f i e l d .  The i n t e g r a l  
i s  analogous t o  t h e  Stormer i n t e g r a l ,  b u t  i t  i s  n o t  r e q u i r e d  t h a t  the  
f i e l d  have a x i a l  symnetry i n  o r d e r  f o r  t h e  i n t e g r a l  t o  be exac t ,  The 
i n t e g r a l  reduces t o  t h a t  o f  Stormer when the  f i e l d  does possess a x i a l  
symmetry. 
cosmic rays p r e v i o u s l y  d e r i v e d  by var ious people u s i n g  a v a r i e t y  o f  
techniques. 
s i t u a t i o n s  n o t  p r e v i o u s l y  t r a c t a b l e .  (Author)  
I t  i s  used t o  o b t a i n  r e s u l t s  concerning t rapped p a r t i c l e s  and 
The new technique can r e a d i l y  be extended t o  cover 
Ray, E. C., "Cosmic-Ray C'utoffs a t  High Latitude," Jour. Geophys. Res. - 69 ,  
NO. 9 ,  p p .  1737 - 1741, 1964 
The measurements o f  many spectrums o f  s o l a r  protons a t  n o r t h e r n  
l a t i t u d e s  have shown t h a t  the  c u t o f f s  a r e  commonly much lower  than those 
c a l c u l a t e d  f o r  t h e  e a r t h ' s  magnetic f i e l d  as deduced from s u r f a c e  measure- 
ments, t o g e t h e r  w i t h  any reasonable r i n g  c u r r e n t .  We show t h a t  most o f  
t h e  observat ions can be reasonably accounted f o r  w i t h  a magnetic f i e l d  
which, i n  a d d i t i o n  t o  t h e  c o n t r i b u t i o n s  mentioned, has a t u r b u l e n t  rqmpo- 
nent  everywhere beyond a c e r t a i n  d is tance f rom t h e  c e n t e r  o f  t h e  e a r t l . .  
The model i s  e s s e n t i a l l y  t h a t  explored by Parker  and by Rothwel l .  The 
f a c t  t h a t  t h e  s o l a r  wind d i s t o r t s  the f i e l d  a t  g r e a t  d is tances must, as 
Akasofu e t  a l .  suggested, produce a m o d i f i c a t i o n ,  the  n a t u r e  o f  which i s  
a r e d u c t i o n  o f  t h e  c u t o f f  r i g i d i t y .  (Author)  
Razdrm, H .  and A .  L.  S m e r s ,  "Asymptotic Cones of Acceptance of Cosmic 
Rcry Neutron Monitors i n  a Geomagnetic Field Distorted By the  Solar Wind," 
NASA TMX-51943, 1964 
The asympto t ic  cone i s  def ined as the  s o l i d  angle c o n t a i n i n g  the  
asympto t ic  d i  r e c t i o n s  o f  approach o f  cosmic ray  p a r t i c l e s  o u t s i  de t h e  
i n f l u e n c e  o f  t h e  geomagnetic f i e l d  t h a t  s i g n i f i c a n t l y  c o n t r i b u t e  t o  t h e  
c o u n t i n g  o f  a ground d e t e c t o r .  The cones were ob ta ined by n u m e r i c a l l y  
i n t e g r a t i n g  cosmic ray  t r a j e c t o r i e s  f o r  a d i s t o r t e d  geomagnetic f i e l d .  
The d i s t o r t e d  f i e l d  assumed was t h a t  c rea ted  by a combinat ion o f  t h e  geo- 
magnet ic d i p o l e  and an image d ipo le  o f  moment 28 t imes t h a t  o f  the  e a r t h ' s  
e q u i v a l e n t  d i p o l e  p laced a t  a d is tance 28 e a r t h  r a d i i  a long t h e  noon 
mer id ian .  The asymptot ic  cones f o r  the d i s t o r t e d  f i e l d  were compared 
w i t h  those f o r  a d i p o l e  f i e l d .  
Sauer, Herbert H . ,  "A New Method of Computing Cosmic-Ray Cutoff R i g i d i t y  
For Several Geomagnetic Field Models," Jour. Geophys. Res. L 68,  No. 4, 
p p .  957 - 971, 1963 
An approximate method of computing cosmic-ray c u t o f f  r i g i d i t i e s  i s  
presented. The method cons is ts  o f  i n t e g r a t i n g  t h e  equat ions o f  mot ion f o r  
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a p a r t i c l e  o f  g i v e n  r i g i d i t y  and d i r e c t i o n  o f  a r r i v a l  i n  the  r e a l  f i e l d  
t o  determine the  corresponding p o s i t i o n  and d i r e c t i o n  o f  t h e  p a r t i c l e  a t  
t h e  t r a n s i t i o n  rad ius  where t h e  St6rmer t h e o r y  can be invoked t o  d e t e r -  
mine whether t h e  p a r t i c l e  can have a r r i v e d  f rom i n f i n i t y .  The procedure 
i s  f o l l o w e d  f o r  a sequence o f  r i g i d i t i e s  u n t i l  the  minimum r i g i d i t y  t h a t  
t h e  Stormer c r i t e r i o n  a l lows i s  reached. 
sented by the combinat ion o f  a s i x t h  o r d e r  magnet ic f i e l d  whose o r i g i n  
l i e s  e n t i r e l y  w i t h i n  the e a r t h  and t h a t  due t o  a f i l a m e n t a r y  e q u a t o r i a l  
r i n g  c u r r e n t s  o f  var ious r a d i i  and magnetic moments. The s i x t h  o r d e r  
s p h e r i c a l  harmonic expansion o f  t h e  s c a l a r  magnet ic p o t e n t i a l  i s  t h a t  
ob ta ined by F inch and Leaton. V e r t i c a l  c u t o f f  r i g i d i t i e s  have been 
computed f o r  a l a r g e  number o f  s t a t i o n s  f o r  l a t i t u d e s  g r e a t e r  than 245". 
(Author )  
The geomagnetic f i e l d  i s  repre-  
Sauer, H .  H .  mzd E. C. Ray, "On Cosmic Ray Cut-Offs," S ta te  University of 
Iowa SUI-63-8, March, 1963 
A cosmic ray  c u t - o f f  i n  t h e  Stormer sense i s  d e f i n e d  f o r  s u f f i -  
e$eiitly h igh  l a t i tudes  when the magnetic f i e l d ,  w h i l e  n o t  a x i a l l y  
symmetric, becomes approx imate ly  so a t  s u f f i c i e n t l y  g r e a t  d is tances f rom 
the  e a r t h .  I t  i s  shown t h a t  t h e  c u t - o f f ,  when so  def ined, i s  g iven  by 
a s imp le  f u n c t i o n  o f  M c I l w a i n ' s  L parameter. Numerical comparisons are 
made w i t h  a prev ious computer study o f  c u t - o f f s  d e f i n e d  i n  the  same way. 
The express ion f o r  c u t - o f f  i n  terms o f  L suggests t h a t  the c u t - o f f  i n  
t h e  d i r e c t i o n  o f  the  magnetic f i e l d  shou ld  be approx imate ly  cons tan t  
a long a l i n e  o f  fo rce .  Th is  i s  shown n u m e r i c a l l y  t o  be so a t  l a t i t u d e s  
t o o  low f o r  t h e  d e r i v a t i o n  o f  t h e  L express ion t o  ho ld ,  f o r  a p a r t i c u l a r  
f i e l d  model. (Author )  
Schrenp, E. J . ,  "I. General Theory of the  Earth's Shadow Ef fec t  of Cosmic 
Radiation," Phys. Rev. 2, p p .  153 - 157,  1938 
An i n q u i r y  i s  made i n t o  the  fundamental mode o f  o r i g i n  o f  t h e  
a l lowed cone o f  cosmic r a d i a t i o n  in t roduced by Lemai t re  and V a l l a r t a .  
Two k inds  of a l lowed cone are  d i s t i n g u i s h e d .  
by Lemai t re  and V a l l a r t a ,  pos tu la tes  t h e  presence o f  an impenetrab le 
e a r t h ;  f o r  i t  a l l  fo rb idden d i r e c t i o n s  are  due t o  t h e  e a r t h ' s  shadow 
e f f e c t .  The second type o f  a l lowed cone, a p p l i c a b l e  i n  t h e  f i r s t  
approx imat ion t o  such problems as t h a t  o f  t h e  s u n ' s  magnet ic f i e l d ,  does 
n o t  p o s t u l a t e  t h e  presence o f  an impenetrable e a r t h ;  f o r  i t  a l l  fo rb idden 
d i  r e c t i o n s  are  associated w i t h  bounded charged p a r t i c l e  o r b i t s  . 
genera l  t o p o l o g i c a l  fea tures  o f  each o f  these k i n d s  o f  a l lowed cone, and 
t h e i r  r e l a t i o n s h i p  t o  one another, are descr ibed. 
One o f  these, t h a t  d iscussed 
The 
(Author )  
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Schremp, E. J . ,  "SI. The S irp le  Shadm Cone of Cosmic Radiation," 
Phys. Rev. 54, p p .  258 - 162, 1938 
The p resen t  paper i s  a b r i e f  summary o f  t he  r e s u l t s  ob ta ined  from 
a s tudy,  by means o f  Bush's d i f f e r e n t i a l  ana lyzer ,  of those t r a j e c t o r i e s  
o f  a charged p a r t i c l e  i n  the  f i e l d  o f  a magnetic d i p o l e  which determine 
t h e  s imp le  shadow cone f o r  a l l  l a t i t u d e s  and energ ies .  (Author )  
Schwartz, M . ,  "Penumbra and Simple Shadm Cone of Cosmic Radiation, 
Suppl.  Nuovo Cimento - XI, Series  X ,  p .  27, 1959 
a t  t h e  e a r t h  hav ing  come d i r e c t l y  from i n f i n i t y  w i t h o u t  making loops 
rep resen t ing  t u r n i n g  away and t u r n i n g  towards the  d i p o l e .  
on the  ea r th ,  t h e  reg ion  between the main cone and the  Stormer cone 
cons is t s  o f  a l t e r n a t i n g  bands o f  al lowed and fo rb idden  t r a j e c t o r i e s  
which r e s p e c t i v e l y  e i t h e r  a r r i v e  a t  t he  e a r t h  f rom i n f i n i t y  o r  do no t .  
Th i s  reg ion  i s  c a l l e d  the  penumbra. 
o f  the  main cone and the penumbra t o  h i g h e r  l a t i t u d e s  than p r e v i o u s l y  
by t h e  h i g h  speed computer, AVIDAC. V e r t i c a l  d i r e c t i o n  r e s u l t s  a re  used 
t o  f i t  t o t a l  v e r t i c a l  i n t e n s i t y  data, thereby de termin ing  an i n t e g r a l  
r i g i d i t y  spectrum and a t  t h e  same t ime d e f i n i n g  e f f e c t i v e  r i g i d i t y  
c u t - o f f s .  
The main cones c o n s i s t  o n l y  o f  t r a j e c t o r i e s  a r r i v i n g  unobst ruc ted  
For  each p o i n t  
Th is  paper extends t h e  i n v e s t i g a t i o n  
repor ted .  The r e s u l t s  were Obtained f rom L t . a j e L L V I J  - - -  - + a n t r a l r i t l a t i n n q  \ r U I r u . - - . - . . L  made 
Stern, David, "The Vector Potential and Motion of Charged Part ic les  i n  
Axi.symetric Magnetic Fields," Jour. Geophys. Res. 69, No. 13,  p p .  2715 
- 2729, 1964 
From the  convent iona l  expansion of a s c a l a r  magnetic p o t e n t i a l  
(such as the  e a r t h ' s ) ,  an expansion of t h e  vec to r  p o t e n t i a l  i s  ob ta ined.  
Th is  expansion i s  used f o r  analyz ing t h e  mot ion o f  charged p a r t i c l e s  
i n  ax isymmetr ic  magnet ic  f i e l d s ,  w i t h  s p e c i a l  a t t e n t i o n  t o  such f i e l d s  
t h a t  do n o t  dev ia te  f a r  f rom a d ipo le.  The r e s u l t s  a re  compared w i t h  
those o f  Quenby and Webber. F i n a l l y ,  t h e  r e l a t i o n  between Stormer 's  
f i r s t  i n t e g r a l  and the  t h i r d  ad iaba t i c  i n v a r i a n t  i s  t raced.  (Author )  
S t e r n ,  David, "l'he Cosmic Ray Anisotropy," PZatet. Space S e i .  - 12,  p p .  
973  - 978, 1964 
Three d i  f f e r e n t  explanat ions f o r  the  observed cosmic ray  ani so t ropy  
a re  i n v e s t i g a t e d .  
ex i s tence  o f  t rapped o r b i t s  i n  the i n t e r p l a n e t a r y  f i e l d  i s  exp lo red  by 
ana lys ing  the mot ion o f  charged p a r t i c l e s  i n  a s t r e t c h e d  d i p o l e  f i e l d .  
I t  i s  found t h a t  an an iso t ropy  i s  poss ib le ,  b u t  o n l y  when severa l  
u n l i k e l y  cond i t i ons  are  met. 
a s c r i b i n g  i t  e i t h e r  t o  a sunward f l u x  dens i t y  g r a d i e n t  or t o  the  
The p o s s i b i l i t y  t h a t  t h e  an iso t ropy  i s  due t o  the  
Two o t h e r  t h e o r i e s  o f  t h e  an iso t ropy ,  
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Compton-Getting e f f e c t ,  are then discussed. 
bo th  e f f e c t s  occur  together ;  f o r  conservat ive f i e l d s  they cancel each 
o t h e r  and no an iso t ropy  occurs, as might indeed be expected f rom 
L i o u v i l l e ' s  theorem. 
d e n s i t y  which may be observed i n  i n t e r p l a n e t a r y  space i s  n o t  n e c e s s a r i l y  
connected w i t h  t h e  observed anisotropy. 
I t  i s  shown t h a t  i n  genera l  
Consequently, any g r a d i e n t  o f  cosmic r a y  f l u x  
(Author )  
Stetson, R. F. ,  B .  N .  A .  Lamborn and D. L.  Laf fer ty ,  "Investigation of 
Electron Trajectories i n  an Axially Symmetric Magnetic Fie Zd, " Jour. 
App1.  Phys. 34, NO. 3, p p .  516 - 519, 1963 
The exper imenta l  behav io r  o f  e l e c t r o n  beams o f  v a r i a b l e  energ ies 
i n j e c t e d  i n t o  an a x i a l l y  symmetric magnetic f i e l d  which v a r i e s  as l / r  
i s  i n v e s t i g a t e d .  
f o r  c i r c u l a r  mot ion,  the beam s p i r a l s  i n  toward an i n n e r  r a d i u s  and 
reverses d i r e c t i o n .  The p a r t i c l e  o r b i t s  a re  i n  agreement w i t h  those 
ob ta ined f rom t h e  equat ion  o f  motion o f  a s i n g l e  charged p a r t i c l e  
i n j e c t e d  i n t o  such a f i e l d .  (Author) 
When the  i n j e c t i o n  v e l o c i t y  i s  l e s s  than t h a t  r e q u i r e d  
Stzrmer, Carl, "CriticaZ Remarks on a Paper by G. Lemaitre and M .  5'. 
Vallarta on Cosmic Radiation," Phys.  Rev. 45, p p .  835 - 838, 1933 
o f  t h e  c i t e d  authors which i s  found i n  Phys. Rev. - 43, p.  87, 1933. 
Stormer c o r r e c t s  and pu ts  i n t o  h i s t o r i c a l  p e r s p e c t i v e  the paper 
S w a m ,  W. F .  G., "Application of LiouvilZe's Theorem t o  Electron Orbits 
i n  the Earth's M a p e t i c  Field," Phys. Rev. - 44, p p .  224 - 227, 1933 
It i s  p o i n t e d  o u t  t h a t  i n  the a p p l i c a t i o n  o f  L i o u v i l l e ' s  
theorem t o  t h e  problem o f  cosmi c-ray i n t e n s i t i e s  , Lemai t r e  and Val l a r t a  
have i m p l i c i t l y  taken the  e l e c t r o n  momentum as t h a t  corresponding t o  a 
f ree p a r t i c l e .  C a l l i n g  t h i s  momentum p' t h e  p a r t i c l e  momentum, we have 
t o  r e a l i z e  t h a t  L i o u v i l l e ' s  theorem i s  u s u a l l y  based upon the  Hami l ton ian  
equat ions i n  which t h e  momentum p associated w i t h  an e l e c t r o n  i s  n o t  the  
same as p ' ,  but i s  connected w i t h  i t  by the r e l a t i o n  p = p' + eu/c, 
where u i s  the  v e c t o r  p o t e n t i a l  determin ing the  mzgnet ic f i e l d .  The 
Hami l ton ian  equat ions a r e  n o t  v a l i d  i n  terms o f  momenta o f  the  type  p ' ,  
and i t  i s  n o t  t h e r e f o r e  c l e a r  t h a t  L i o u v i l l e ' s  theorem i s  v a l i d  when 
expressed i n  terms of these momenta. 
t h a t  a theorem the e q u i v a l e n t  o f  L i o u v i l l e ' s  theorem i s ,  i n  f a c t ,  t r u e  
i n  terms o f  t h e  coord inates and t h e  momenta p ' ,  so t h a t  t h e  u l t i m a t e  
v a l i d i t y  o f  t h e  use o f  the theorem by Lemai t re  and V a l l a r t a  i s  s u b s t a n t i a t e d  
I t  i s  t o  be observed, moreover, t h a t  t h e  v a l i d i t y  o f  t h i s  extended fo rm o f  
L i o u v i l l e ' s  theorem i s  t r u e  even i n  the presence o f  an e l e c t r i c  f i e l d .  
(Author )  
The o b j e c t  o f  t h e  paper i s  t o  show 
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Urban, E. W . ,  "Cri t ical  StGmer Conditions i n  QuadrupoZe and Double Ring 
Current Fields," t o  be published, Jour. Math. Phys., Januaq-February, 1966 
A theoretical study has been made of the behavior of the c r i t i ca l  
Stormer pass points  for  general axially symmetric magnetic configurations. 
A topological method has been derived to predict the occurrence of  the 
c r i t i ca l  Stormer conditions for  charged par t ic le  exclusion. 
analytic technique, when applied t o  geomagnetically interest ing f i e lds ,  
should be a useful aid t o  the understanding of experimental data. The 
method i s  applied here t o  three magnetic geometries: 
currents with parallel dipole moments and with antiparallel  dipole 
moments and the axial magnetic quadrupole. The topology of the regions 
representing allowed motion i s  treated systematically, and the behavior 
of the c r i t i ca l  pass points is i l lustrated i n  typical Stormer plots.  
For the quadrupole and the antiparallel r i n g  system, c r i t i ca l  pass 
points are found to  occur only out of the equatorial plane. For the 
parallel  ring system, c r i t i ca l  points can occur i n  or out of the equa- 
to r ia l  plane. For certain special conditions, as many as three simul- 
taneous c r i t i ca l  pass points are found, and two simultaneous points 
occur for  a wide range of parameters. 
This 
double ring 
(Author) 
Vallarta, M. S., "Theory o f  the Geomagnet;c Ef fec ts  o f  Cosmic Radiation," 
Handbuch der Physik, Bd XLVI, Springer-Verlag, Berlin,  1961 
The Stormer theory of the motion of charged par t ic les  i n  the 
geomagnetic f i e ld  is reviewed and extended t o  more exact solutions. 
The allowed directions of arrival a t  any point on the earth, for  
par t ic les  of any given energy, f i l l  up a cone of many sheets,  generally 
of very complicated shape. T h i s  cone has been called by Lemaitre and 
Vallarta the allowed cone. The allowed cone i n  general consists of 
three regions: f i r s t ,  there i s  the main cone, within which a l l  directions 
are allowed; sur rounding  the main cone there i s  a second region in which 
certain bands or patches of directions are allowed and the r e s t  forbidden, 
which has been named the penumbra; las t ly ,  there i s  a region, the shadow 
cone, outside of which a l l  directions are excluded. An absolute l imit  
for a l l  allowed directions i s  the Stormer cone which has the property 
tha t  outside i t  the region of space containing the earth and that  
containing a l l  t ra jector ies  coming from outside the earth are disconnected. 
The Stormer cone i s  a r i g h t  circular cone with i t s  vertex a t  the observer 
and axis along the east-west l ine.  
the main cone and the shadow cone. As a rule,  i t  does not reach the 
Stormer cone, which i s  only exceptionally touched by the main cone. 
Liouvil l e  theorem applied to a particle distribution which i s  isotropic 
a t  i n f in i ty  allows one to calculate the intensity a t  a given point on 
earth by finding the allowed cone and multiplying the subtended sol id  
angle and multiplying i t  by the intensity in any allowed direction for  
any given energy. 
The penumbra l ies i n  general between 
The 
Webber, W .  K., "The Motion o f  Low-Rigidity Cosmic Rays i n  the Earth's 
Magnetic Field and the Effects o f  External Fields," Jour. Geophys. Res. 
- 68, NO. 10, p p .  3065 - 3085, 43 refs. 1963 
A genera l  approach i s  made t o  the  d i s c u s s i o n  o f  mot ion o f  low- 
r i g i d i t y  cosmic rays i n  a d i p o l e  f i e l d ;  i t  r e s t s  on the  c h a r a c t e r i s t i c s  
of t h e  mot ion of these p a r t i c l e s  i n  t h e  Alfve'n regime and a f a m i l y  o f  
t r a j e c t o r i e s  pass ing  near  the o r i g i n  o f  t h e  d i p o l e  i t s e l f ,  c a l l e d  
nul lbahnen, f i r s t  c a l c u l a t e d  by Stormer. 
o f  a p p l i c a b i l i t y  o f  t h e  method i s  discussed. It i s  found t h a t  w i t h i n  
t h i s  range of a p p l i c a b i l i t y  the asymptot ic d i r e c t i o n s  o f  t h e  p a r t i c l e s  
o u t s i d e  t h e  e a r t h  f i e l d  may be determined f o r  a wide range o f  a r r i v a l  
1 a t i  tudes and a r r i  Val d i  r e c t i o n s  w i t h  r e s p e c t  t o  t h e  v e r t i  c a l  w i t h o u t  
r e s o r t i n g  t o  t h e  numerical  i n t e g r a t i o n  o f  t r a j e c t o r i e s .  The p r e s e n t a t i o n  
i s  extended t o  the e a r t h ' s  r e a l  f i e l d ;  asympto t ic  d i r e c t i o n s  a p p l i c a b l e  
t o  c e r t a i n  l o c a t i o n s  are presented and discussed f o r  s o l a r - f l a r e  
p a r t i  c l e s  and g a l a c t i c  v a r i a t i o n s  detected by neutron moni t o r s  as we1 1 
as l o w e r - r i g i d i t y  p a r t i c l e s  detectable o n l y  a t  b a l l o o n  and s a t e l l i t e  
a l t i t u d e s .  F i n a l l y ,  t h e  e f f e c t s  o f  e x t e r n a l  f i e l d s  on the  asymptot ic  
d i  recti oris are  d i  scussed, and the asympto t i  e d i  r e c t i  ens appropr i  a t e  
t o  the  a r r i v a l  o f  s o l a r - f l a r e  p a r t i c l e s  as de tec ted  by neutron mon i to rs  
a t  sea l e v e l  i n  the presence o f  r i n g  c u r r e n t s  are presented. 
The general  r i g i d i t y  range 
(Author)  
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MOTION OF TRAPPED PARTICLES I N  MAGNETIC FIELDS 
Avrett ,  E.  E . ,  "ParticZe Motion i n  the Equatorial Plane of a Dipole 
Magnetic Field," Jour. Geophys. Res. 67, No. 1, p .  53 - 58,  1962 
An exac t  r e l a t i o n  i s  de r i ved  which descr ibes bound p a r t i c l e  o r b i t s  
i n  the  e q u a t o r i a l  p lane o f  a d i p o l e  magnetic f i e l d .  
i s  then ob ta ined  f o r  t he  average angular v e l o c i t y  o f  the p a r t i c l e  about 
the d i p o l e  ax i s .  The corresponding d r i f t  v e l o c i t y  i s  compared w i t h  the 
usual f i r s t - o r d e r  express ion  based on a constant l o c a l  f i e l d  g r a d i e n t .  
I t  i s  shown t h a t  t h e  f i r s t - o r d e r  expression f o r  t he  d r i f t  v e l o c i t y  can 
be cons iderab ly  i n  e r r o r  when the  p a r t i c l e  loops are n o t  smal l  compared 
w i t h  the mean d is tance from the d ipo le  ax i s .  
An exac t  express ion  
(Author)  
Baker, M. B . ,  "Geomagnetically Trapped Radiation, Douglas Aircraf t  
Company, Report SM-47635, October, 1965 
Th is  r e p o r t  p rov ides  a comprehensive d e s c r i p t i o n  o f  t he  t rapped 
charged p a r t i c l e  environment which can be used t o  f i n d  the r a d i a t i o n  doses 
t o  which a v e h i c l e  w i l l  be exposed. The f i r s t  and second sec t i ons  con ta in  
a d e s c r i p t i o n  o f  t he  t rapped r a d i a t i o n  environment , i n c l u d i n g  a d i scuss ion  
o f  t h e  source and l o s s  mechanisms and the dynamics o f  t he  p a r t i c l e  motions, 
a d e s c r i p t i o n  o f  source o f  t he  data and the  comp i la t i on  techniques, and 
g raph ic  d i sp lays  o f  t h e  f l u x e s .  
sate1 l i t e  f l u x  computer program and the f o u r t h  s e c t i o n  presents the i n t e -  
g r a t e d  f l u x e s  and spec t ra  produced by the computer f o r  sample t r a j e c t o r i e s .  
The t h i r d  s e c t i o n  i s  a d e s c r i p t i o n  o f  a 
Frrristofilos, N .  C.,  "Trapping and Lifetime o f  Charged Part ic les  i n  the 
Geomagnetic Field," Radiation Laboratory, University of California, 
UCRL-5407, N63-83870, 12 p p . ,  1958 
Trapping o f  charged p a r t i c l e s ,  e s p e c i a l l y  f a s t  e l e c t r o n s  , w i t h i n  
the  geomagnetic f i e l d  has been examined. 
n e t i c  f i e l d  converge towards the earth,  they a c t  as magnetic m i r r o r s  i n  
which f a s t  e l e c t r o n s  can o s c i l l a t e  back and f o r t h .  
a re  i n  the upper atmosphere, the e lect rons are s c a t t e r e d  by the a i r  rnole- 
cu les.  Since the atmospheric densi ty decreases e x p o n e n t i a l l y  outwards , 
t h i s  s c a t t e r i n g  occurs more o r  l e s s  near the m i r r o r  p o i n t s .  
s c a t t e r i n g  process, the m i r r o r  po ints  move downwards. I n  a steady s t a t e ,  
where p a r t i c l e s  are i n j e c t e d  a t  constant r a t e ,  the d e n s i t y  o f  t h e  e l e c -  
t r o n s  below the a l t i t u d e  o f  i n j e c t i o n  va r ies  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  
a i r  d e n s i t y .  L i f e t i m e s  o f  severa l  days t o  seve ra l  years are p o s s i b l e ,  
depending on the l o c a t i o n  o f  the m i r r o r  p o i n t s .  
Since the l i n e s  o f  t he  geomag- 
I f  the r e f l e c t i o n  p o i n t s  
Due t o  t h i s  
(Author)  
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Dessler, A.  J .  and Robert K a r p l u s ,  "Some Properties of the V a n  Al len 
Radiation," Phys. Rev. Let ters  - 4, No. 6, p p .  271-274, 1960 
The purposes of  t h i s  l e t t e r  are twofo ld :  f i r s t ,  t o  p o i n t  o u t  t h a t  
the r e s u l t s  o f  the  observat ions o f  the o u t e r  zone o f  t h e  Van A l l e n  r a d i a -  
t i o n  b e l t  made w i t h  t h e  E x p l o r e r  I V  and E x p l o r e r  V I  s a t e l l i t e  systems are  
i n c o n s i s t e n t  w i t h  t h e  s o l a r  i n j e c t i o n  hypothes is ;  and second, t o  show t h a t  
the  e l e c t r o n s  re leased i n  the decay o f  cosmic-ray neutron albedo may repre-  
s e n t  a s a t i s f a c t o r y  source f o r  t h e  o u t e r  zone. (Author )  
Dragt, A .  J . ,  "Trapped orbi t s  i n  a Magnetic Dipole Field," Rev. Geophys. 3 
p p ,  255-298, 45 mfs., 1965 
The mot ion o f  a t rapped charged p a r t i c l e  i n  a d i p o l e  magnet ic f i e l d  
i s  reviewed. 
i n  var ious  coord ina te  systems and o f  t h e i r  s o l u t i o n  by approximate and 
a n a l y t i c a l l y  exac t  methods. 
compared w i t h  e x a c t  s o l u t i o n s  obtained by numer ica l  i n t e g r a t i o n .  (Author )  
An e x t e n s i v e  d iscuss ion i s  g iven  o f  t h e  equat ions o f  mot ion 
Wherever p o s s i b l e ,  approximate s o l u t i o n s  are  
Fairf ie ld ,  D. H . ,  "Trapped Particles i n  a Distorted Dipole Field," Jour. 
Geophys. Res. 69, No. 19, p p .  3919-3926, 19 refs., 1964 
represent  a p o s s i b l e  e f f e c t  o f  t h e  s o l a r  w ind  on t h e  e a r t h ' s  magnet ic f i e l d  
on t h e  day and n i g h t  s i d e  o f  the ear th  i n  t h e  ear th-sun mer id ian  plane. 
f i r s t  and second a d i a b a t i c  i n v a r i a n t s  o f  p a r t i c l e  mot ion are used t o  ca lcu-  
l a t e  the m i r r o r  p o i n t s  o f  cons tan t  energy p a r t i c l e s  i n  the compressed and 
extended f i e l d s .  The r e s u l t s  support  and c l a r i f y  work by prev ious  i n v e s t i -  
ga tors ,  showing t h a t  s h i f t s  i n  m i r r o r  p o i n t s  o f  p a r t i c l e s  moving f rom one 
f i e l d  t o  the o t h e r  a re  l a r g e  a t  la rge  d is tances and s m a l l e r  a t  l o w e r  a l t i -  
tudes. 
s a t e l l i t e s .  It i s  concluded t h a t  f i e l d  d i s t o r t i o n  may be a major  cause o f  
t h e  observed s h i f t  i n  m i r r o r  po in ts ,  b u t  t h a t  f i n a l  r e s o l u t i o n  o f  t h e  prob- 
lem w i l l  depend on f u r t h e r  determinat ion o f  the  magnetic f i e l d  on t h e  n i g h t  
s i d e  of t h e  e a r t h .  (Author )  
A d i p o l e  magnetic f i e l d  i s  a n a l y t i c a l l y  compressed and extended t o  
The 
The r e s u l t s  are compared t o  t h e  exper imenta l  f i n d i n g s  o f  r e c e n t  
Gall, Ruth, "StiJrmer's Inner Allowed Regions and the Radiation Belts," 
Jour. Ph!ys. Soe. Japan - 17, Suppl.  A - 1 1 ,  p p .  139-144, 1962 
The i n n e r  a l lowed Stormer reg ion i s  examined and the  parameters o f  
p a r t i c l e s  t rapped i n  t h i s  r e g i o n  are presented. The re1 a t i o n s h i p  between 
t h e  Stormer theorem and the i n j e c t i o n  mechanism f o r  p a r t i c l e s  t rapped i s  
discussed. I t  i s  suggested t h a t  the mechanism o f  a p a r t i c l e  coming from 
i n f i n i t y  through the open S t U r m e r  pass and undergoing a c o l l i s i o n  which 
causes t h e  pass t o  c lose  i s  an imp laus ib le  one. O r b i t s  w i t h i n  t h e  i n n e r  
a l lowed r e g i o n  are discussed and the l i m i t i n g  energy f o r  which the ad ia -  
b a t i c  m i r r o r  l a t i t u d e  p r e v a i l s  i s  determined. 
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Gal l ,  Ruth, "Motion of Charged Particles i n  S lowly  Varying Fields t o  the 
Firs t  Order of Approximation," Jour. Geophys. Res. 68,  No. 1 2 ,  p p .  3565- 
3576, 1963 
-
Fol lowing Bogolyubov's and Zubarev's perturbation method, we analyze 
the motion of a charged par t ic le  t o  the f i r s t  order of approximation. The 
general case of motion in a time-dependent nonhomogeneous magnetic f i e ld  
in the presence of an e l ec t r i c  f ie ld  and currents, as well as simpler cases, 
i s  considered. Correction terms of the average kinetic energy, the accel- 
eration, and  the position of mirror points, as well as a formula for the 
f i r s t  adiabatic invariant t o  l /Q  order, were obtained. The guiding center ' s  
mirror points d i f f e r ,  i n  a l l  cases, from the po in t s  of magnetic reflection 
of the par t ic le ,  which contain an oscillatory term and depend on the average 
phase angle. Only for  the case o f  a s t a t i c  nonhomogeneous f i e ld ,  i n  the 
absence of an e l ec t r i c  f ie ld  and currents, the magnetic moment i s  conserved 
and a l l  the f i rs t -order  correction terms vanish. (Author) 
Garher ,  C. S . ,  "Adiabatic Invariants of Periodic Classical Systems," 
Phys .  Eeu. m, ?lo. 4, pp. ?,o2-?94, 1.959 
Recently there has been renewed in te res t  in adiabatic invariants of 
simply-periodic classical systems subject t o  perturbation by slow variation 
of parameters. I n  several interesting cases i t  has been shown t h a t ,  i f  the 
system varies slowly from one steady s t a t e  t o  a different steady s t a t e ,  
the appropriate adiabatic invariant i s  constant to an a rb i t ra r i ly  high 
order in a slowness parameter. I t  is shown here how these and similar 
results may be derived by systematic use of a technique of perturbation 
theory of classical  Hamiltonian systems. The method i s  essentially i terat ion 
of  the transformation t o  action and angle variables. (Author)  
Hass i t t ,  A . ,  "l'he D r i f t  Velocity of Trapped Particles," Jour. Geophys. Res. 
- 70, No. 3, p .  535,  1965 
The longitudinal d r i f t  velocity of a par t ic le  trapped in the ear th ' s  
f ie ld  i s  considered. I t  i s  shown tha t  there i s  a relation between d r i f t  
velocit ies a t  different points on any l ine of force and t h a t  the d r i f t  
velocit ies of particles with different mirror points are also related. 
These relations can be used t o  simplify the calculation of the average 
e f fec ts  of  the atmosphere. ( A u t h o r )  
Hayakma, SatCo mid Ham0 Obqashi ,  "Canonical Formalism of the Motion of a 
Charged Partick in a Magnetic Field," Nagoya U. -!l'PPJ-5, N63-15503, 
February, 196'3 
The motion of a charged particle in a s t a t i c  magnetic f ie ld  with 
axial symmetry i s  formulated by introducing a s e t  of canonical variables. 
I t  i s  shown t o  be possible to  choose these variables as describing three 
20 
modes o f  mot ion,  t h e  g y r a t i o n  about a l i n e  o f  f o r c e ,  the  d r i f t  a long the  
l i n e  o f  fo rce ,  and the az imuthal  d r i f t  about t h e  s y m t r y  a x i s .  
Hami l ton ian expressed i n  terms o f  these v a r i a b l e s  i s  expanded i n  power 
o f  a smal l  parameter t h a t  i s  o f  t h e  same o r d e r  o f  magnitude as the  r a t i o s  
o f  t h e  g y r a t i o n  rad ius  t o  the r a d i i  o f  curva ture  o f  a l i n e  o f  f o r c e  and o f  
a magnet ic e q u i p o t e n t i a l  l i n e  and also t o  t h e  d is tance f rom t h e  a x i s .  The 
z e r o t h  o r d e r  Hami l ton ian  thus obtained descr ibes t h e  mot ion i n  the f i r s t  
o r d e r  o r b i t  theory ,  whereby the  magnetic moment i s  taken as equal  t o  t h e  
a c t i o n  v a r i a b l e  o f  t h e  g y r a t i o n  mode a t  a l i n e  o f  f o r c e  a t  which the  k i n e t i c  
angu lar  momentum vanishes. 
h i g h e r  o r d e r  approximat ion.  (Author)  
The 
The m i r r o r  p o i n t  m i g r a t i o n  i s  ob ta ined i n  a 
Hones, E .  W . ,  Jr., "Motions o f  Charged Part ic les  Trapped i n  the Earth's 
Magnetosphere," Jour. Geophys. Res. 68, No. 5, p p .  1209-1219, 26 refs., 
1963 
-
Recent measurements by e a r t h  s a t e l l i t e s  p rov ide  c o n c l u s i v e  evidence 
t h a t  t h e  magnetosphere o f  t h e  e a r t h  i s  d i s t o r t e d  by the  s o l a r  wind, as 
has been p r e d i c t e d  on t h e o r e t i c a l  grounds f o r  some t ime.  
r e p o r t e d  here,  motions o f  charged p a r t i c l e s  t rapped i n  the d i s t o r t e d  magneto- 
sphere were computed by us ing,  as a model o f  t h e  magnetosphere, t h e  f i e l d  o f  
a weak magnetic d i p o l e  i n  the presence o f  a s t r o n g  magnet ic d i p o l e .  
paths through t h i s  f i e l d  were c a l c u l a t e d  bo th  f o r  p a r t i c l e s  whose mot ion 
i s  c o n f i n e d  t o  the magnetic e q u a t o r i a l  p lane and f o r  p a r t i c l e s  m i r r o r i n g  
a t  low a l t i t u d e s .  The paths o f  p a r t i c l e s  o f  var ious energ ies moving i n  t h e  
magnet ic e q u a t o r i a l  p lane under t h e  combined i n f l u e n c e s  o f  f i e l d  g r a d i e n t -  
induced d r i f t  and f i e l d  r o t a t i o n  were a l s o  c a l c u l a t e d .  I t  was found t h a t ,  
i n  t h e  model used, the  f i e l d  r o t a t i o n  energ izes t rapped p a r t i c l e s  on t h e  
morning s i d e  and de-energizes them on the evening s i d e  o f  the e a r t h .  I t  
i s  suggested t h a t  t h i s  e f f e c t  must occur i n  any r e a l i s t i c  model o f  t h e  
d i s t o r t e d  magnetosphere and t h a t  i t  may p l a y  a r o l e  i n  the accumulat ion 
o f  t h e  e n e r g e t i c  p a r t i c l e s  t h a t  c o n s t i t u t e  t h e  Van A l l e n  zones. 
I n  t h e  work 
D r i f t  
(Au thor )  
Hones, E.  W . ,  eJr., "Adiabatic Motions of Charged Part ic les  in a Dipole 
Model of the lilagnetosphere," University of Iowa 65-6, 23 p .  1965 
The use o f  t h e  f i r s t  and second a d i a b a t i c  i n v a r i a n t s  o f  charged 
p a r t i c l e  mot ion i n  c a l c u l a t i n g  the  t r a j e c t o r i e s  o f  p a r t i c l e s  d r i f t i n g  i n  
combined magnetic and e l e c t r i c  f i e l d s  i s  discussed. Such c a l c u l a t i o n s  
become p a r t i c u l a r l y  s imple f o r  a d ipo le  magnetic f i e l d  i f  t h e  magnetic 
l i n e s  o f  f o r c e  are  e l e c t r i c  e q u i p o t e n t i a l s .  (Author )  
KovaZevskCy, A .  F . ,  ' 'Characteristics of a Charged Particle Motion i n  the 
Geovagmtic  Field,rr Crrmslated from Geornag. Aeron. - 3,  No. I ,  p p .  50-58, 
NASA LnY F-8423, 1963 
The mot ion o f  a charge i n  the e a r t h ' s  magnetic t r a p  i s  considered. 
A s e r i e s  o f  c h a r a c t e r i s t i c s  o f  proton and e l e c t r o n  mot ion are ob ta ined by 
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numerical solution of charge motion equations. 
specular points, the par t ic le  oscillation period, t h a t  of the d r i f t  for one 
period in the la t i tude direction, the mean d r i f t  angular velocity, the 
rotation period around the earth,  the  d r i f t ' s  l inear  velocity and other data 
are presented. (Author) 
The charge pa th  length between 
Lemaire, J . ,  "Note on Some Consequences of Al fubn's  Conditions for  In terpre t ing  
the V a n  Al len Zones and Their Movements as wel l  as Distant Azimuthal Currents," 
Lhiuersity of Liege, Dept .  o f  Astrophysics, AF 61 (052)  -587 TN-4, (AFCRL-64- 
226 l ,  1963 
The conditions which l imit  the  application of Alfv&~'s theory of the 
motion of a charged par t ic le  i n  a magnetic f ie ld  are discussed. 
i s  found which appears t o  be satisfied by experimental d a t a  and  observational 
d a t a  on the Van Allen Belts. This criterion distinguishes the regions of 
applicabili ty o f  Alfv6n's theory and Stormer theory. Alfven's theory applies 
to trapped particles in a magnetic field.  The criterion allows one t o  
construct diagrams g i v i n g ,  as a function of energy of various types of 
par t ic les ,  the maximum distance a t  which they remain trapped in the geomagnetic 
f ie ld .  
d r i f t  velocit ies a n d  induced currents which should, a t  large distance, vary 
as l / r e 2  and n(re)/re2 respectively where re i s  the distance from the dipole 
t o  the point where the l ine of force crosses the equatorial plane. 
A cr i ter ion 
The author also s h i x s  tha t  t a k i n g  t h i s  cond i t i c r !  i n t o  account leads to  
Liemohn, Harold, "Radiation Belt  Particle Orbits,  I t  Boeing Sc ien t i  f i e  Research 
Laboratories, 01-82-0116, 56 p . ,  41 refs., 1961 
The f i rs t -order  theory o f  radiation bel t  par t ic le  orbits i s  reviewed. 
Certain general characterist ics of the radiation be l t s ,  the exosphere, and 
the geomagnetic f ie ld  which are important i n  orbi t  calculations are discussed. 
The equations for  charged particle orbits in slowly varying magnetic f ie lds  
are developed from elementary principles. 
motion i n  the geomagnetic f ie ld .  
are derived for  the geomagnetic dipole model. The values o f  the orbi t  
integrals for the dipole case are given in tabular and graphical form. 
These results are applied to  par t ic le  
The orb i t  equations and related parameters 
Mcllwain, C. E.,  "The Radiation Belts,  Natural and Ar t i f i c ia l , "  Science __ 142,  
p p .  355-361, 1963 
Many characterist ics of the radiation belts have been c la r i f ied  by 
d a t a  obtained by Explorer X V .  Spatial distributions of electron and 
pro ton  intensi t ies  are mapped representing conditions observed during 
the operation of Explorer XV.  
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Nakada, M .  P . ,  J .  W .  Dungey and W. N .  Hess, "Theoretical Studies of 
Protons i n  the Outer Radiation Bel t ,  I' NASA TMX-640-64-110, 1964 
The v a r i a t i o n s  i n  the  energy spect ra w i t h  p i t c h  angle and L o f  t h e  
r e l a t i v e l y  s t a b l e  0.1 t o  5 Mev protons i n  the  o u t e r  r a d i a t i o n  b e l t  have 
been found t o  be i n  good agreement w i t h  t h e  r e s u l t s  o f  a model t h a t  permi ts  
r a p i d  mot ion o f  t h e  pro tons  i n  L space. I n  t h i s  model, t h e  protons v i o l a t e  
t h e  t h i r d  a d i a b a t i c  i n v a r i a n t  o f  trapped p a r t i c l e  mot ion b u t  do n o t  
v i o l a t e  the f i r s t  two a d i a b a t i c  i n v a r i a n t s .  Changes i n  f l u x e s  w i t h  L are  
n o t  c o n s i s t e n t  w i t h  L i o u v i l l e ' s  theorem. Both t h e  depar ture f rom L i o u v i l l e ' s  
theorem and v a r i a t i o n s  i n  energy spect ra seem t o  i n d i c a t e  t h a t  t h e  source 
o f  these protons i s  a t  l a r g e  L .  (Author) 
Northrop, T .  G. and E. T e l l e r ,  " S t a b i l i t y  o f  the Adiabatic Motion of 
&urged Particles i n  the Earth's Field," Phys. Rev. No. I ,  p p .  215- 
225, 1960 
The mot ion o f  charged p a r t i c l e s  i n  a magnetic f i e l d  such as t h a t  o f  
the e a r t h  o r  t h a t  o f  a magnet ic m i r r o r  machine i s  discussed. 
t h a t  d u r i n g  t h e  mot ion and d r i f t  o f  a r e l a t i v i s t i c  p a r t i c l e  n e t  only the 
magnet ic moment b u t  a l s o  a l o n g i t u d i n a l  i n v a r i a n t  and an a d d i t i o n a l  f l u x  
i n v a r i a n t  are a d i a b a t i c a l l y  conserved. 
r e t e n t i o n  o f  the p a r t i c l e s  i n  t h e  f i e l d .  
i n v a r i a n t s  leads t o  a s e t  of  equations o f  mot ion which descr ibe  t h e  average 
d r i f t  o f  the  p a r t i c l e s  f rom one force l i n e  t o  t h e  o ther ,  and which a l s o  
descr ibe  the changes t h a t  occur i n  the energ ies and per iods  assoc ia ted  
w i t h  the  mot ion.  I n  t h e  absence o f  s c a t t e r i n g ,  l o s s  o f  p a r t i c l c s  f rom t h e  
magnet ic f i e l d  w i l l  be due t o  t h e  v i o l a t i o n  o f  the  a d i a b a t i c  laws. 
I t  i s  shown 
These conservat ion laws l e a d  t o  
The d e r i v a t i o n  o f  the a d i a b a t i c  
(Author)  
Northrop, T .  G . ,  The Adiabatic Motion of Charged Part ic les ,  Interscience 
Publishers, New York, 109 p . ,  1963 
The author  t r e a t s  i n  some d e t a i l  the  g u i d i n g  c e n t e r  theory  o f  mot ion 
The term " g u i d i n g  center "  a r i s e s  o f  charged p a r t i c l e s  i n  a magnetic f i e l d .  
because i n  a s l o w l y  v a r y i n g  f i e l d  the p a r t i c l e  moves approx imate ly  i n  a 
c i r c l e  whose c e n t e r  d r i f t s  s l o w l y  across the  l i n e s  o f  f o r c e  and moves 
r a p i d l y  a long t h e  i n e s .  
charged p a r t i c l e s  
a p p l i c a t i o n s  o f  ad a b a t i c  t h e o r y  are presented. 
d e s c r i p t i o n  o f  t h e  mot ion o f  p a r t i c l e s  t rapped i n  the  geomagnetic f i e l d .  
Also,  the a d i a b a t i c  i n v a r i a n t s  o f  t h e  mot ion o f  
n s l o w l y  vary ing  magnetic f i e l d  are discussed and some 
One a p p l i c a t i o n  i s  the  
O'Brien, B ~ c m  J . ,  "The Trapped-Radiation Zones, " Space Physics, ed.  E. P. 
L,eGalle$ and A .  Rosen, John Miley & Sons, New York, p .  505, 112 re fs .  1964 
This  survey a r t i c l e  discusses t h e  dynamics o f  p a r t i c l e  mot ion,  
ad i  a b a t i  c i n v a r i  ants , t h e  B and L coord inates,  t h e  exper imenta l  measure- 
ments, p a r t i  c l e  s p a t i a l ,  energy, and angu lar  d i s t r i b u t i o n s  and mechanisms 
f o r  genera t ing  and l o s i n g  Van A l l e n  r a d i a t i o n .  
23  
I 
I 
PZetneu, V. D . ,  "Density and Intensi ty  Distribution of Charged Part ic les  
i n  a Stationary Geomagnetic Fie Id ,  Without Considering Part ic le  Interaction, 
NASA TT F-8829, N64-23044, 1964 
The asymptot ic  method o f  s o l v i n g  the Boltzmann equat ion  f o r  a low 
d e n s i t y  i o n i z e d  gas i n  a s t r o n g  s t a t i o n a r y  magnet ic f i e l d  i s  a p p l i e d  t o  
eva lua te  t h e  d e n s i t y  and i n t e n s i t y  d i s t r i b u t i o n  o f  charged p a r t i c l e s  i n  
t h e  r a d i a t i o n  b e l t s  of  t h e  e a r t h .  
o f  t h e  d i s t r i b u t i o n  f u n c t i o n  f o r  charged p a r t i c l e s  i n  i n v e r s e  powers o f  the  
Larmor f requency i s  extended t o  the  conservat ion o f  t h e  i n v a r i a n t  o f  t h e  
l o n g i t u d i n a l  a c t i o n  o f  t h e  p a r t i c l e  i n  the  magnet ic f i e l d .  
purpose, an a d d i t i o n a l  averaging o f  the d i s t r i b u t i o n  f u n c t i o n  over  t h e  
o s c i l l a t i o n  p e r i o d  o f  t h e  p a r t i c l e  i s  c a r r i e d  ou t .  
o f  t h e  d i s t r i b u t i o n  f u n c t i o n  t o g e t h e r  w i t h  the  corresponding d e n s i t y  and 
i n t e n s i t y  d i s t r i b u t i o n s  o f  charged p a r t i c l e s  i n  t h e  f i e l d  a re  considered 
i n these approxi  mat i  ons . 
The method which i s  based on the  expansion 
For  t h i s  
Var ious p o s s i b l e  forms 
(Author)  
Pletnev, V .  D. and G. A. Skuridin, "Motion of a Charged P a r t i c k  i n  a 
Stationary Magnetic Fie Zd i n  the A p p r o x h t i o n  of Average D r i f t ,  I t  Cosmic 
Research, Vol. 2 ,  No. I ,  1964, Translation, A i r  Force Systems Cononand, 
ETD,  Wright-Patterson AFB, Ohio, p p .  74-95, N64-23858, 1964 
Considerat ion i s  g iven  t o  t h e  mot ion o f  a charged p a r t i c l e  through 
a s t a t i o n a r y ,  nonhomogeneous magnetic f i e l d  i n  a d r i f t  approx imat ion 
averaged o v e r  a p e r i o d  o f  o s c i l l a t i o n  o f  t h e  p a r t i c l e  between magnet ic 
m i r r o r s .  The d e r i v a t i o n  o f  corresponding equat ions o f  mot ion i s  based 
on the  Volosov method. I t  i s  demonstrated t h a t  an approx imat ion o f  the 
average d r i f t  corresponds t o  an approximat ion o f  t h e  a d i a b a t i c  i n v a r i a n t  
o f  l o n g i t u d i n a l  a c t i o n .  The r a t e  o f  d e v i a t i o n  o f  t h i s  i n v a r i a n t  i n  t h e  
approx imat ion o f  average d r i f t  i s  found. (Author)  
Pletnev, V.  D .  and I;. A.  Skuridin, "On the Adiabatic Invariant Motions of 
a Charged Particle i n  a Stationary Nonhomogeneous Magnetic Field, ' I  NASA 
TT F-8828, N64-23127, 25 p . ,  1964 
The p r i n c i p l e s  of t h e  c l a s s i c a l  theory  o f  a d i a b a t i c  i n v a r i a n t s  are 
used t o  consider  the c o n d i t i o n s  f o r  the conserva t ion  o f  the f i r s t ,  second, 
and t h i r d  i n v a r i a n t  o f  t h e  mot ion o f  a charged p a r t i c l e  i n  a th ree-  
dimensional  magnetic system. Such a mot ion o f  a p a r t i c l e  i n  a magnet ic 
f i e l d  i s  n o t ,  s t r i c t l y  speaking, c o n d i t i o n a l l y - p e r i o d i c .  Therefore,  i n  
p r i n c i p l e ,  t h e  a d i a b a t i c  approximat ion may d iverge  because t h e  v a r i a b l e s  
i n  t h e  Hamil ton-Jacobi  equat ion  cannot be separated. 
f o r  e v a l u a t i n g  the accuracy of t h e  conservat ion o f  the second and t h i r d  
i n v a r i a n t s  i n  a s t a t i o n a r y  magnetic f i e l d .  (Author)  
A problem i s  fo rmula ted  
24 
Ray, Ernest C. ,  "On the Application of LiouviZle 's  Theorem t o  the I n t e n s i t y  
of Radiation Trapped i n  the Geomagnetic Field," S ta te  University of Iowa, 
SUI-59-21, 1959 
The c l a s s i c  a p p l i c a t i o n  o f  L i o u v i l  l e ' s  theorem t o  cosmic r a d i a t i o n  
i s  reviewed, and s imp le  a p p l i c a t i o n s  t o  t h e  case o f  r a d i a t i o n  t rapped i n  
t h e  e a r t h ' s  magnet ic f i e l d  are presented. (Author)  
Ray, E. C., "On the  Theory of Protons Trapped i n  the  Earth's Magnetic 
Field," Jour. Geophys. Res. - 65, No. 4, p p .  1125-1133, 21 r e f s . ,  1960 
A d i f f e r e n t i a l  equat ion o f  t r a n s p o r t  i s  w r i t t e n  f o r  p ro tons  l o s i n g  
energy i n  an atmosphere b u t  n o t  s c a t t e r i n g .  
mat ion t h a t  a p r o t o n  loses a n e g l i g i b l e  amount o f  energy w h i l e  i t  d r i f t s  
once around t h e  e a r t h  i n  l o n g i t u d e .  Three cases are  t r e a t e d :  
b r ium s o l u t i o n  w i t h i n p u t  and l o s s  rates equal ;  the s o l u t i o n  f o r  i m p u l s i v e  
i n j e c t i o n  a t  t = 0, the  i n t e n s i t y  then d y i n g  away; and the s o l u t i o n  f o r  t h e  
i n t e n s i t y  zero  i n i t i a l l y ,  the  i n p u t  mechanism b e i n g  tu rned on a t  t = 0.  
No n~~~llerica! wrk b e a r i n g  an t h e  geometry of t h e  source f u n c t i o n  i s  inc luded.  
The t reatment  i s  an improvement over  p rev ious  ones i n  t h a t  i t  adequately 
t r e a t s  the  p a r t i c l e s  as moving along t h e i r  a c t u a l  t r a j e c t o r i e s .  A d e t a i l e d  
comparison w i t h  observat ions over  South A f r i c a  shows t h a t  the  a l t i t u d e  
dependence o f  i n t e n s i t y  i s  rough ly  cons is ten t  w i t h  t h e  view t h a t  t h e  
p a r t i c l e s  seen by the unshie lded Geiger tube on 1 9 5 8 ~  are ro tons  s u p p l i e d  
by a weak source ( f o r  example, by decay o f  albedo neutrons P which are  l o s t  
t o  the d e t e c t o r  when t h e i r  energy i s  reduced below t h e  d e t e c t i o n  t h r e s h o l d  
by absorp t ion .  (Author )  
I t  i s  so lved under the approx i -  
the  e q u i l i -  
S w i f t ,  D. W . ,  'The Ef fec t  of Transverse E lec t r i c  Fields on the Mirror Points 
of Charged Part ic les  i n  the  Magnetosphere," Jour. Geophys. Res. - 70, No. 11, 
p p .  2529-2534, 1965 
The e f f e c t  o f  an e l e c t r o s t a t i c  f i e l d  on the m i r r o r  a l t i t u d e s  of 
charged p a r t i c l e s  i s  c a l c u l a t e d  under the  assumption t h a t  the magnet ic f i e l d  
l i n e s  are e q u i p o t e n t i a l s  and t h a t  the e l e c t r i c  f i e l d  d r i f t  v e l o c i t i e s  a r e  
smal l  compared w i t h  t h e  p a r t i c l e  v e l o c i t i e s .  I t  i s  found t h a t  t h e  e l e c t r i c  
f i e l d  on t h e  m i r r o r  a l t i t u d e s  o f  charged p a r t i c l e s  can be presented as a 
f u n c t i o n  o f  t h e  g e o c e n t r i c  d is tance o f  the  p a r t i c l e  i n  t h e  e q u a t o r i a l  p lane 
independent o f  t h e  e x p l i c i t  form o f  t h e  e l e c t r i c  f i e l d .  The r e s u l t s  o f  t h e  
computat ion are sumnarized i n  two graphs. 
of a t ransverse  e l e c t r o s t a t i c  f i e l d  does n o t  a f f e c t  the l o n g i t u d i n a l  
i n v a r i a n t .  (Author )  
I t  i s  a l s o  shown t h a t  t h e  presence 
25 
Vakhnin, V. M . ,  G. A .  Skuridin and I .  N .  Shvachunov, 
Particles i n  a Magnetic Field with the  Consideration 
Disturbances, I t  Cosnric Research I V ,  ed. Muller, North 
Publishers, New York,  p p .  690-700, 1964 
T r a j e c t o r i e s  o f  charged p a r t i c l e s  i n  a magnet 
analyzed t a k i n q  i n t o  account t h e  low k i n e t i c  enerqy 
"Motion of Charged 
of Dissipative 
Ho 1 Zand, Interscience 
c d i p o l e  f i e l d  are 
osses b y  r a d i a t i o n  of 
e lec t romagnet ic  waves due t o  t h e  curvature o f  t h e - p a r t i  c l e ' s -  t r a j e c t o r y  
i n  the  magnetic f i e l d .  
c r i t i c a l  t r a j e c t o r i e s  f o r  which an a r b i t r a r i l y  smal l  l o s s  o f  t h e  p a r t i c l e ' s  
k i n e t i c  energy leads t o  i t s  t r a p p i n g  i n  the  magnet ic f i e l d .  
It i s  shown by a phase p lane method t h a t  t h e r e  a r e  
The mechanism considered i s  o f  i n t e r e s t  p r i m a r i l y  f o r  the i n v e s t i g a t i o n  
o f  t h e  roblem o f  the  o r i g i n  and e v o l u t i o n  o f  t h e  e a r t h ' s  r a d i a t i o n  b e l t s .  
(Author  7 
Vakhnin, V .  M. and I .  N .  Shuachwzov, "The Poss ib i l i t y  o f  Capturing Charged 
Part.lcZes i n  the Field o f  a Magnetic LXpoZe I f  Energy i s  Lost as a Hesult 
of EnZission," Cosmic Res., VoZ. 2,  No. 5, 4 Nov. 1964, p p .  191-199, A i r  
Force Systems Command, wright-Paiiexisoii AF8, Chio, LT9, ?/65-16401, 1964 
The i n v e s t i g a t i o n  o f  the  p o s s i b i l i t y  o f  c a p t u r i n g  charged p a r t i c l e s  
i n  t h e  f i e l d  o f  a magnet ic d i p o l e  which was c a r r i e d  o u t  e a r l i e r  f o r  two- 
dimensional  mot ion i s  extended t o  the case o f  an a r b i t r a r y  three-d imensional  
p a r t i c l e  mot ion.  Use i s  made o f  a method o f  phase t r a j e c t o r i e s  i n  a 
four-dimensional  phase space. It i s  demonstrated t h a t  t h e  I ' c r i  t i c a l  
t r a j e c t o r i e s "  and the p o s s i b i l i t y  o f  capture e x i s t  i n  three-dimensional  
mot ion as w e l l .  (Au thor )  
Wentworth, R. C., W .  M.  MacDonald and S .  F .  Singer, "Lifetimes of Trapped 
Radiation Bel t  Particles Detemined by Coulomb Scattering, Phys. Flu ids  - 2,  
NO.  5, pp. 499-509, 1959 
Once i n t r o d u c e d  i n t o  c a p t i v e  o r b i t s ,  p ro tons  and e l e c t r o n s  should 
be s t r i c t l y  t rapped i n  t h e  e a r t h ' s  d i p o l e  magnetic f i e l d .  
var ious  mechanisms e x i s t  which l i m i t  t h e i r  l i f e t i m e s ,  such as c o l l i s i o n s  
w i t h  atoms and i o n s  i n  t h e  e a r t h ' s  o u t e r  atmosphere, charge exchange, and 
s c a t t e r i n g  by hydromagnetic waves. T h i s  paper considers o n l y  the  e f f e c t  
o f  t h e  s c a t t e r i n g  o f  these p a r t i c l e s  by t h e  i o n i z e d  hydrogen and e l e c t r o n  
components o f  t h e  o u t e r  atmosphere, However, t h e  e f f e c t  o f  s c a t t e r i n g  f rom 
n e u t r a l  atoms can be q u a l i t a t i v e l y  taken i n t o  account by u s i n g  t h e  r a d i u s  
o f  t h e  atom i n  p l a c e  o f  t h e  Debye s h i e l d i n g  l e n g t h  i n  the  s c a t t e r i n g  
fo rmulas .  The Fokker-Planck equat ion has been used t o  d e r i v e  an express ion 
f o r  t h e  change i n  the d i s t r i b u t i o n  f u n c t i o n  due t o  smal l -angle,  s i n g l e -  
p a r t i c l e  Coulomb c o l l i s i o n s .  Upper l i f e t i m e  l i m i t s ,  as determined by t h i s  
mechanism, o f  bo th  protons and e lec t rons  are der ived  as f u n c t i o n s  o f  t h e i r  
i n i t i a l  energ ies.  (Author)  
However, 
26 
R I N G  CURRENTS I N  THE MAGNETOSPHERE 
Akasofu, S.-I .  and W.  C. L i n ,  "The Magnetic Moment of Model Ring  Current 
Bel ts  and the Cutoff R i g i d i t y  of Solar Protons," Jour. Geophys. Res. - 68,  
NO. 4 ,  p p .  973-977, 13  refs., 1963 
The magnet ic moment MR o f  t h e  r i n g  c u r r e n t  i s  c a l c u l a t e d  f o r  model 
r i n g  c u r r e n t  b e l t s ,  t o g e t h e r  w i t h  t h e i r  magnetic f i e l d s  a long an e q u a t o r i a l  
r a d i u s .  
a t  t h e  equator  on t h e  e a r t h ' s  surface. I t  gives p o s s i b l e  ranges o f  t h e  
r a t i o  MR/ME f o r  observed values of  AH and approximate upper l i m i t s  o f  bo th  
MR/ME and AH f o r  each b e l t .  On the  basis o f  diagram, the e n t r y  o f  low- 
energy s o l a r  protons i s  discussed, and i t  i s  shown t h a t  t h e  r i n g  c u r r e n t  
alone cannot produce t h e  d r a s t i c  reduct ions o f  apparent c u t o f f  r i g i d i t y  o f  
s o l a r  p ro tons  observed by de tec tors  c a r r i e d  by b a l  loons and s a t e l l i t e s .  
(Author )  
A graph shows t h e  r e l a t i o n  between the  r a t i o  M /ME.(ME = t h e  
magnet ic moment o f  t h e  e a r t h )  and the i n t e n s i t y  A H  o f  t R e r i n g  c u r r e n t  f i e l d  
Akasofu, S.-I .  and J .  C. Cain, "The Magnetic FieZd of the  Radiation Belts," 
NASA TA'D-1762, 8 p . ,  1963 
The magnetic f i e l d s  produced by var ious  types o f  b e l t s  o f  t rapped 
p a r t i c l e s  a re  presented i n  b o t h  t a b u l a r  and graph ica l  forms. 
Akasofu, S .  -I. and S y h e y  Chopman, "The Ring Curmnt, Geomagnetic Disturbance, 
and the Van A l k n  Radiation Belts," Jour. Geophys. Res. - 66, No. 5 ,  p p .  1321- 
1350, 32 refs., 1961 
The l a r g e  decrease i n  t h e  h o r i z o n t a l  component o f  t h e  e a r t h ' s  f i e l d  
I n  t h i s  paper we d iscuss 
These c a l c u l a t i o n s  deal o n l y  w i t h  a steady s t a t e ,  
The general  equat ions f o r  t h e  
d u r i n g  t h e  main phase o f  magnetic storms has been a s c r i b e d  t o  t h e  fo rmat ion  
o r  enhnacement o f  a geomagnetic r i n g  c u r r e n t .  
t h e  m t i o n s  o f  p a r t i c l e s  t rapped i n  the  e a r t h ' s  d i p o l e  f i e l d  and t h e  
r e s u l t i n g  r i n g  c u r r e n t .  
though d u r i n g  storms the  s t a t e  i s  changing. 
c u r r e n t  i n t e n s i t y ,  t o  o b t a i n  t h e  t o t a l  c u r r e n t  and t h e  magnet ic f i e l d  a t  
the e a r t h ' s  center ,  a re  a p p l i e d  t o  the o u t e r  r a d i a t i o n  b e l t  (V,) and t o  a 
s p e c i a l  "model" b e l t  V 3 .  
d i s t r i b u t i o n  and a number- in tens i ty  d i s t r i b u t i o n  o f  Gaussian type a long an 
e q u a t o r i a l  rad ius .  The r e s u l t s  are considered i n  connect ion w i t h  magnet ic 
records  f o r  severa l  storms and w i t h  s a t e l l i t e  data.  I t  i s  i n f e r r e d  t h a t ,  
d u r i n g  magnetic d is turbance,  protons o f  energy o f  t h e  o r d e r  o f  a few hundred 
kev a r e  i n t e r m i t t e n t l y  captured between 5 and 8 e a r t h  r a d i i  and t h a t  they  
produce a t r a n s i e n t  b e l t  V3. The v a r i e t y  o f  development o f  t h e  r i n g  c u r r e n t  
from one s to rm t o  another may be connected w i t h  i r r e g u l a r i t i e s  i n  t h e  
d i s t r i b u t i o n  o f  p a r t i c l e s  i n  the  s o l a r  stream, which may c o n t a i n  t a n g l e d  
magnet ic f i e l d s .  (Author)  
T h i s  V 3  b e l t  has a p a r t i c u l a r  t y p e  o f  p i t c h - a n g l e  
27 
Akasofu, S.-T. and J .  C. Cain, "The Magnetic Field of the Quiet-Time Proton 
Belt," NASA 7" 0-1674, 1963 
The d i s t o r t i o n  o f  t h e  e a r t h ' s  magnetic f i e l d  produced by the  p r o t o n  
b e l t  i s  discussed. The magnetic f i e l d  i s  c a l c u l a t e d  n u m e r i c a l l y ,  t o  a 
f i r s t  approximat ion,  f o r  an analogous model b e l t ,  i n  a steady s t a t e .  
t h e  e q u a t o r i a l  p lane,  a t  t h e  e a r t h ' s  sur face ,  i t  i s  es t imated  t h a t  t h e  
magnetic f i e l d  produced by t h i s  b e l t  i s  o f  o r d e r  38 gammas; i t  i s  d i r e c t e d  
southward. The maximum f i e l d  reduc t ion  i s  o f  the  o r d e r  o f  72 gamnas a t  
4.1 e a r t h  r a d i i ;  t h i s  i s  15.5 p e r  cent o f  t h e  d i p o l e  f i e l d  i n t e n s i t y  a t  
t h i s  p o i n t .  Beyond 6.7 e a r t h  r a d i i ,  t h e  b e l t  increases the  e a r t h ' s  f i e l d .  
(Author )  
I n  
Apel, J .  R., S. F .  Singer and R. C. Wentworth, "Ef fects  of Trapped Part ic les  
on the Geomagnetic Field," Advances i n  Geophysics 9,  p p .  131-189, Academic 
Press, New York,  1962 
The t rapped p a r t i c l e  mot ion i n  a d i p o l e  f i e l d  i s  discussed i n c l u d i n g  
the  magnetic moment and t h e  d r i f t  v e l o c i t y .  
magnet ic f i e l d s  o f  t h e  t rapped p a r t i c l e s  a re  c a l c u l a t e d .  
o f  t h e  magnet ic f i e l d  due t o  r a d i a t i o n  b e l t  c u r r e n t s  i s  c a l c u l a t e d  and 
t h e  d i s t r i b u t i o n  o f  t rapped p a r t i c l e s  i s  discussed. L i o u v i l l e ' s  theorem 
i s  a p p l i e d  t o  t h e  geomagnetic f i e l d  f o r  the purpose o f  c a l c u l a t i n g  p a r t i c l e  
d i s t r i b u t i o n s  i n  t h e  f i e l d .  
Approximate values f o r  the -. ine  p e r t u r b a t i o n  
Ben'kova, N. P. and L.  0. I y u d n a ,  "Magnetic Field of the Equatorial Current" 
Geomagnetism and Aeronomy 5 No. 4, 1962, NASA TT F - 8 3 0 3 ,  13 p . ,  1962 
The l a t i t u d e  d i s t r i b u t i o n  o f  t h e  r i n g  c u r r e n t ' s  magnetic f i e l d  i s  
computed upon admission tha t  the  g e n e r a t r i x  o f  t h e  c u r r e n t  sur face  has 
the  shape o f  a d i p o l e  f i e l d  l i n e  o f  f o r c e ,  and t h a t  t h e  d e n s i t y  o f  t h e  
c u r r e n t  i s  i n  var ious  ways dependent on the p o l a r  d is tance \Y. 
concordance between the computed component X and the l a t i  tude d i s t r i b u t i o n  
o f  t h e  DSt-var ia t ion o f  the  magnetic f i e l d  was ob ta ined f o r  a r i n g  r a d i u s  
a =  RE and a c u r r e n t  d e n s i t y  j = j, (b + cos2 Y ) .  The va lue o f  t h e  r i n g  
c u r r e n t ' s  magnet ic moment M = (4.5) CGSM agrees w e l l  w i t h  t h e  da ta  
of o t h e r  authors.  (Author )  
The b e s t  
Cnhi 21, L .  J .  ,"The Geomagnetic Field," Space Physies ,  ed .  D. P .  LeGal ley 
crr,d A .  Rosen, ,Tohn Wiley & Sons, NQU York, p p .  301-349, 66 re fs . ,  290'4 
This  i s  a survey a r t i c l e  on the geomagnetic f i e l d .  The s p h e r i c a l  
harmonic expansion o f  the f i e l d  i s  d iscussed. 
and t h e i r  causes are a l s o  discussed. The search f o r  the r i n g  c u r r e n t  i s  
o u t l i n e d  and t h e  i n t e r a c t i o n  between t h e  s o l a r  plasma stream and the  
magnetosphere i s  discussed. A good l i s t  o f  re ferences on these s u b j e c t s  
i s  i n c l u d e d .  
V a r i a t i o n s  o f  the f i e l d  
28 
Chapman, S .  and V. C. A. Ferraro, "A new Theory o f  Magnetic Storms, 
l 'err, Mag. m d  Atm. Elec. 36, p p .  171-186, 1931 
The i n t e r a c t i o n  between t h e  s o l a r  plasma st ream and t h e  geomagnetic 
A n e t  r i n g  c u r r e n t  i n  the westward d i r e c t i o n  i s  p r e d i c t e d .  
f i e l d  i s  discussed. 
o f  p a r t i c l e s  and the conduct ing stream conf ines t h e  f i e l d  i n  t h e  sunward 
d i r e c t i o n .  
The geomagnetic f i e l d  s h i e l d s  t h e  e a r t h  f rom t h e  s t ream 
Chapman, Sydney, So Zar Plasma, Geomagnetism and Aurora, Gordon and Breach, 
New York, 141 p . ,  1964 
The mutual i n f l u e n c e  o f  the  s o l a r  gas and t h e  geomagnetic f i e l d  and 
Several  models o f  t h e  r i n g  c u r r e n t  the  magnetosphere shape are discussed. 
and t h e i r  f i e l d s  are discussed. 
Dessler, A. J . ,  W .  B .  Hanson and E. W .  Parker, "A Mechanism t o  Establish 
the Magnetic Storm Ring Current," Jour. Phys. SOC. Japan - 1 7 ,  Suppl .  A-1 ,  
pp. 1 ?8-782> 1962 
It i s  shown how hydromagnetic waves generated by t h e  impact  o f  s o l a r  
plasma on the geomagnetic f i e l d  may form shock waves i n  t h e  magnetosphere 
and prov ide  a means o f  c r e a t i n g  the  geomagnetic storm, main-phase, d i a -  
magnet ic r i n g  c u r r e n t .  These shock waves should develop on t h e  n i g h t  
s i d e  o f  t h e  e a r t h  and heat  t h e  ambient protons (which c o n s t i t u t e  t h e  normal 
protonosphere) t o  approx imate ly  the  hydromagneti c-wave v e l o c i t y  ( o f  t h e  
o r d e r  o f  500 km/sec). The t r a n s f e r  of hydromagnetic wave energy t o  the 
pro tons  s t resses  the geomagnetic f i e l d  and produces t h e  geomagnetic-storm 
main phase; i .e., t h e  k i l o v o l t - e n e r g y  protons form a diamagnet ic c u r r e n t .  
The bombardment o f  t h e  upper atmosphere by e n e r g e t i c  hydrogen atoms from 
t h e  decaying r i n g  c u r r e n t  and the poss ib le  change i n  t h e  decay time- 
cons tan t  o f  t h e  r i n g  c u r r e n t  through the  sunspot c y c l e  a r e  discussed. 
(Author )  
Kellogg, P. J .  and J .  R. Winckler, "Cosmic Ray Evidence fo r  a Ring  b r r e n t , "  
Jour. Geophys. Res. 66, No. 12, p p .  3991-4001, 25 r e f s . ,  1961 
Many observat ions show t h a t  l o w  r i g i d i t y  protons f rom s o l a r  f l a r e s  
are  p e r m i t t e d  e n t r y  a t  Minneapol is  only d u r i n g  t h e  main Phase o f  magnet ic 
storms. 
t ime. Th is  paper develops the  i d e a  t h a t  a r i n g  c u r r e n t  respons ib le  f o r  the  
main s t o r m  f i e l d  reduces the Stormer cosmic-ray c u t o f f s .  The model o f  t h e  
r i n g  chosen i s  a c t u a l l y  an azimuthal  c u r r e n t  on t h e  sur face  o f  a sphere 
w i t h  c u r r e n t  i n t e n s i t y  p r o p o r t i o n a l  t o  s i n  8 where e = c o l a t i t u d e .  
shown t h a t  t h i s  mathematical form permits g r e a t  s i m p l i c i t y  i n  t h e  a n a l y s i s  
and leads t o  e s s e n t i a l l y  t h e  same r e s u l t  as a d i f f u s e  r i n g  corresponding 
t o  t h e  ac tua l  t rapped r a d i a t i o n .  The magnet ic moment o f  the  r i n g  r e q u i r e d  
t o  produce the c u t o f f  change can be prov ided by reasonable i n t e n s i t i e s  o f  
very  low energy t rapped r a d i a t i o n .  I t  i s  shown t h a t  t h e  cosmic-ray data 
The measured energy i s  much below t h e  normal Stormer c u t o f f  a t  t h a t  
I t  i s  
29 
p e r m i t  one t o  eva lua te  b o t h  t h e  moment (M')  and rad ius  (R) o f  the  r i n g ,  
whereas the  s u r f a c e  magnet ic measurements determine o n l y  the  q u a n t i t y  
M ' / R 3 .  S ince observa t ion  shows t h a t  the cosmic-ray c u t o f f s  r e t u r n  t o  
normal d u r i n g  t h e  main phase, i t  must be assumed t h a t  t h e  r i n g  s h r i n k s  
inward  so t h a t  t h e  sur face  f i e l d  i s  mainta ined negat ive.  
evidence concerning t h e  presence o f  a permanent r i n g  c u r r e n t  i s  discussed. 
Such a r i n g  i s  measured d i r e c t l y  by s a t e l l i t e s  d u r i n g  q u i e t  t imes.  
Cosmic-ray 
(Author)  
KozZowski, M. F. ,  "Guiding-Center Approximation i n  the Diamagnetic Ring 
Current," Jour. Geophys. Res. 68, No. 15, p p .  4421-4428, 1963 
Guid ing-center  approximat ion f o r  protons i n  the  diamagnet ic r i n g  
c u r r e n t  i s  v a l i d  when two known cond i t ions  are s a t i s f i e d .  The c r i t i c a l  
energ ies,  magnet ic r i g i d i t i e s ,  and p i tch angles i n  the geomagnetic f i e l d  
and t h e  f i e l d  o f  the r i n g  c u r r e n t  are s tud ied ,  and the r e s u l t s  are app l ied ,  
as an example, t o  a model r i n g  c u r r e n t  b e l t  proposed by Akasofu and Chapman. 
It i s  f c m d  t h a t  protons w i t h  energies 20-40 kev are most l i k e l y  t o  be 
respons ib le  f o r  the  b e l t .  The l i f e t i m e  o f  these protons i n  the i-iiig c u r r e n t  
b e l t  i s  es t imated  a t  10 days, as observed on t h e  magnetograms. The pp 
p u l s a t i o n s  may, as i t  seems, be t h e  cause o f  magnetic s c a t t e r i n g  o f  t h e  
r i n g  c u r r e n t ,  Th is  i s  suggested on the  bas is  o f  the co inc idence o f  commence- 
ments o f  pp p u l s a t i o n s  observed by T r o i t s k a y a  and the q u i c k e r  inc rease o f  t h e  
H f o r c e  d u r i n g  t h e  main phase a t  e q u a t o r i a l  magnetic s t a t i o n s .  (Author )  
Ray, E. C., "Ef fec ts  of a Ring Current on Cosmic Radiation," Phys. REV. 
101, NO. 3, p p .  1142-2248, 15  refs., 1956 
A t h e o r e t i c a l  a n a l y s i s  o f  the e f f e c t  o f  an e q u a t o r i a l  r i n g  c u r r e n t  
on t h e  l a t i t u d e  v a r i a t i o n  o f  t h e  pr imary cosmic r a d i a t i o n  has been c a r r i e d  
ou t .  I t  has been found t h a t  a r i n g  c u r r e n t  o f  t h e  s i z e  suggested by 
Schmidt should l e a d  t o  observable e f f e c t s  on t h e  l a t i t u d e  v a r i a t i o n .  I n  
p a r t i c u l a r ,  i f  a r i n g  c u r r e n t  o f  rad ius equal t o  7.5 e a r t h  r a d i i  and 
c u r r e n t  s t r e n g t h  s u f f i c i e n t  t o  produce a f i e l d  o f  lOOy a t  t h e  e a r t h ' s  
equator  e x i s t s ,  then the  knee i n  the l a t i t u d e  v a r i a t i o n  i s  a f e a t u r e  o f  t h e  
r i g i d i t y  c u t - o f f  curve r a t h e r  than o f  t h e  pr imary  spectrum. 
spectrum obta ined w i t h  the use o f  geomagnetic theory  which i n c l u d e s  a r i n g  
c u r r e n t  i s  s a t i s f a c t o r i l y  f i t t e d  with a f u n c t i o n  o f  t h e  form J = 0.29 
(cm2 sec s terad) ' l ,  where E i s  the t o t a l  energy o f  a p r imary  p a r t i c l e .  
C e r t a i n  f e a t u r e s  o f  t ime v a r i a t i o n s  o f  t h e  cosmic-ray i n t e n s i t y  apparent ly  
d isagree w i t h  t h e  theory.  (Author)  
The pr imary  
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Ray, E. C. ,  "Ef fects  of a Ring Current on Cosmic Radiation. Impact Zones," 
Phys .  Rev. 104, No. 5, p p .  1459-1462, 1956 
An i n v e s t i g a t i o n  o f  t h e  e f f e c t s  o f  a r i n g  c u r r e n t  on the "0900" 
(geomagnetic l o c a l  t i m e )  impact  zone o f  f l a r e - a s s o c i a t e d  cosmic-ray i n t e n s i t y  
increases has been c a r r i e d  o u t  u s i n g  55 t r a j e c t o r i e s  c a l c u l a t e d  on an auto- 
m a t i c  computer. 
10 Bv, and a r r i v e  a t  t h e  e a r t h  from the v e r t i c a l  d i r e c t i o n .  
c u r r e n t s  s h i f t  t h e  l o n g i t u d e  o f  impact by as much as h a l f  an hour  f rom t h a t  
p r e d i c t e d  by the  d i p o l e  theory .  The s h i f t  may be i n  e i t h e r  d i r e c t i o n ,  de- 
pending on t h e  e x a c t  r i n g  parameters chosen. Exper imenta l  data so  f a r  pub- 
l i s h e d  are  n o t  s u f f i c i e n t l y  accurate t o  t e s t  t h e  theory .  
f i n i t e  w i d t h  of  observed impact  zones t o g e t h e r  w i t h  the r a t h e r  smal l  s h i f t  
p r e d i c t e d  here,  the  exper imenta l  t e s t  i s  i n h e r e n t l y  d i f f i c u l t .  
The p a r t i c l e s  considered have r i g i d i t i e s  o f  2 Bv, 6 Bv, and 
Reasonable r i n g  
Because o f  t h e  
(Author )  
Ray, E. C. ,  "The T e r r e s t r i a l  Ring Current," Jour. Geophys. Res., 69, No. 21, 
p p .  4421-4427, 2964 
Several people have computed n u m e r i c a l l y  t h e  magnet ic f i e 1  d caused 
by an a x i a l l y  symmetric body o f  plasma imbedded i n  a d i p o l e  magnet ic f i e l d .  
I n  t h e  p r e s e n t  paper we d e r i v e  an approximate formula f o r  t h i s  magnet ic 
f i e l d ,  w i t h o u t  f i r s t  choosing a p a r t i c u l a r  f u n c t i o n a l  form f o r  t h e  plasma 
d e n s i t y .  T h i s  has t h e  consequence t h a t  we can e a s i l y  d iscuss any p a r t i c u  a r  
case w i t h o u t  recourse t o  a computer, whereas prev ious  t reatments r e s u l t e d  i n  
a t a b u l a t i o n  o f  an answer f o r  a p a r t i c u l a r  case o n l y ,  and new cases requ i  bed 
new computer runs. 
s i n g u l a r i t y  i n  t h e  in tegrand.  
fo rmula  which t r e a t s  t h i s  s i n g u l a r i t y  e x a c t l y .  
makes p o s s i b l e  an a l g e b r a i c  t reatment r a t h e r  than a numerical  one. 
The method used avoids t h e  usual  f i n e  n e t  r e q u i r e d  by t h e  
The then p e r m i t t e d  coarse n e t  
We achieve t h i s  by c o n s t r u c t i n g  a new quadrature 
(Author )  
Treiman, 5'. B. ,  "Ef fec t  o f  Equatorial Ring Current on Cos~c-Rccy In tens i ty ,"  
Phys. Rev. 89, No. I ,  p p .  130-133, 9 refs., 1953 
The e q u a t o r i a l  r i n g  c u r r e n t  p o s t u l a t e d  by Chapman and F e r r a r o  t o  
e x p l a i n  the  main phase o f  t e r r e s t r i a l  magnet ic storms i s  analyzed w i t h  
r e s p e c t  t o  i t s  e f f e c t  on t h e  i n t e n s i t y  o f  t h e  cosmic r a d i a t i o n .  
mathematical convenience, the  r i n g  c u r r e n t  i s  rep laced by a c u r r e n t  sheet 
l o c a t e d  on t h e  sur face  o f  a sphere c o n c e n t r i c  w i t h  the  e a r t h ,  i n  accordance 
w i t h  a suggest ion due t o  Chapman. A s imple express ion i s  then ob ta ined r e -  
l a t i n g  t h e  v a r i a t i o n s  i n  magnetic f i e l d  a t  the  equator  w i t h  the  corresponding 
v a r i a t i o n s  t o  be expected i n  t h e  i n t e n s i t y  o f  cosmic r a d i a t i o n  measured by 
an a r b i t r a r y  d e t e c t o r  l o c a t e d  a t  any l a t i  tude and atrnospheri c depth. 
For 
(Author )  
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Vestine,  E. H . ,  "Note on Low-Level Geomagnetic Ring-Current E f f ec t s ,  It 
Jour. Geophys. Res. 68, p p .  4897-4907, 51 r e f s . ,  1963 
Van A1 l e n  b e l t  have i n d i  cated l i t t l e  possi  b i  1 i t y  t h a t  t h e  e q u a t o r i  a1 magneti c 
f i e l d  o f  t h e  b e l t  should exceed 0.5~. The 12-year means o f  geomagnetic d i s -  
turbance data show an e q u a t o r i a l  l a t i t u d e  v a r i a t i o n ,  which c o u l d  a r i s e  f rom 
a t r a n s i e n t  e q u a t o r i a l  r i n g  c u r r e n t  a t  a h e i g h t  w i t h i n  t h e  o u t e r  reaches of 
t he  i n n e r  b e l t .  Th is  smal l  t r a n s i e n t  e q u a t o r i a l  r i n g  c u r r e n t  may be i n t r o -  
duced t o  s u i t a b l e  e q u a t o r i a l  he igh ts  by downward expansion o f  a h i g h e r  r i n g  
c u r r e n t  p resen t  d u r i n g  magnetic storms. This  p o s s i b i l i t y  would be s u s c e p t i b l e  
o f  exper imental  check. Another p o s s i b i l i t y  i s  i nc reased  westward c u r r e n t  f l o w  
w i t h i n  t h e  e q u a t o r i a l  ionosphere o r  enhanced compression o f  the e q u a t o r i a l  
magnetosphere d u r i n g  storm days. 
Various measurements o f  the i n t e n s i t y  o f  r a d i a t i o n  w i t h i n  t h e  i n n e r  
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SPACE RADIATION SHIELDING USING 
MAGNETIC AND ELECTRIC FIELDS 
Benedikt, E. T . ,  "Cosmic Radiation Shielding o f  Space Vehicles by Axial ly  
S y m t r i c  E lec t r i c  CsArrents, North American Aviation, Inc., SID 64-387, 
AD 459-262, 1964 
Th is  r e p o r t  should be u s e f u l  f o r  t h e  design o f  an e lec t romagne t i c  
system capable o f  a f f o r d i n g  a p re-es tab l i shed amount o f  s h i e l d i n g  from 
cosmic r a d i a t i o n .  To f u l f i l  t h i s  requirement, an ( i m p l i c i t )  equat ion  o f  
t h e  boundaries o f  the zones inaccess ib le  t o  cosmic rays o f  a g i ven  energy 
imp ing ing  f rom a given d i r e c t i o n  i s  de r i ved  f o r  t he  case where the system 
o f  e l e c t r i c  cu r ren ts ,  and hence f o r  the magnetic f i e l d  generated thereby  
has c y l i n d r i c a l  symmetry. (Author)  
Bernert, R. C. and 2. J .  J .  S t ek l y ,  "Systems Analysis of Superconducting 
Magnets for Space Radiation AVCO, Contract No. NAS8-5278, 1964 
A c t i v e  s h i e l d i n g  systems us ing superconduct ing c o i l s  are compared 
w i t h  s o l i d  s p h e r i c a l  passive sh ie lds  on a we igh t  versus dose r a t e  bas i s .  
The d i scuss ion  given inc ludes  the cons ide ra t i on  o f  magnetic f i e l d  geometry; 
the c a l c u l a t i o n  o f  t he  mass o f  superconducting c o i l  systems comprised o f  
superconductor, s t r u c t u r e  and cryogenic environment; t he  method o f  p r imary  
p r o t o n  dose c a l c u l a t i o n ;  the secondary dose problem; and t h e  r e s u l t s  o f  t h e  
we igh t  and s h i e l d i n g  c a l c u l a t i o n s  f o r  d i f f e r e n t  s h i e l d i n g  l e v e l s  and s h i e l d e d  
volumes. (Author)  
Bemer t ,  R. E . ,  "Design of a Mars C l a s s  Radiation Shield Using a Super- 
conducting Magnet, AVCO, Contmct  No. NAS8-5278, 1964 
Th is  s tudy  es tab l i shes  the design f e a s i b i l i t y  o f  a space r a d i a t i o n  
p r o t e c t i o n  system us ing  a superconducting magnet sys tem which migh t  be 
a p p l i c a b l e  t o  e a r l y  Mars E x p l o r a t i o n  Systems. I t  inc ludes  the major design 
and o p e r a t i o n a l  c h a r a c t e r i s t i c s  o f  such a system as w e l l  as a d i scuss ion  o f  
the economics o f  t h i s  concept i n  r e l a t i o n  t o  passive s h i e l d i n g .  (Author)  
Bhattacharjie,  A .  and I .  Michael, "Mass and Magnetic Dipole Shielding 
Against Electrons of the A r t i f i c i a l  Radiation Belt," A I A A  Jour. - 2 ,  No. 12,  
p p .  2198-2201, 1964 
Computations o f  magnetic s h i e l d i n g  system masses r e q u i r e d  f o r  p r o -  
t e c t i o n  aga ins t  e l e c t r o n s  o f  var ious energ ies  have been performed. We have 
a l s o  ob ta ined  a comparison o f  t h e  requ i red  s h i e l d i n g  masses f o r  a space 
v e h i c l e  t r a v e r s i n g  c i r c u l a r  o r b i t s  through the  anomaly i n  the  a r t i f i c i a l  
r a d i a t i o n  b e l t  (ARB) a t  a l t i t u d e s  o f  200, 400, 600, and 800 km and i n c l i n e d  
a t  30° t o  the  e a r t h ' s  e q u a t o r i a l  plane: f i r s t  w i t h  a magnetic superconduct ing 
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s o l e n o i d a l  s h i e l d i n g  system approximated by a p o i n t  d i p o l e  and then w i t h  a 
two- layer  composite m a t e r i a l  s h i e l d i n g  system c o n s i s t i n g  o f  an o u t e r  l a y e r  
o f  aluminum and an i n n e r  l a y e r  o f  lead. The aluminum th ickness  equaled t h e  
p r a c t i c a l  range o f  10-Mev e l e c t r o n s ,  and t h e  l e a d  was used t o  a t tenuate  t h e  
bremsstrahlung t o  s p e c i f i e d  s k i n  dose r a t e s .  The avera ed e l e c t r o n  f l u x  i n  
ARB, used i n  e s t i m a t i n g  dose, was computed t o  be s u f f i c  e n t l y  accurate f o r  
miss ions n o t  s h o r t e r  than 100 h r  and more accurate f o r  onger miss ions.  The 
mater i  a1 s h i e l d i n g  mass , p r i m a r i l y  designed f o r  p r o t e c t  on when apprec iab le  
bremsstrah lung occur, was a t  b e s t  (no lead)  an o r d e r  o f  magnitude l a r g e r  than 
t h a t  o f  t h e  magnet ic s h i e l d i n g  system. The mass o f  the cryogenic  system was 
neglected,  be ing  a f r a c t i o n  of t h e  combined mass o f  the s o l e n o i d  and s u p p o r t  
s t r u c t u r e  . 
Brown, G. V.,  "Magnetic Radiation S h i e l d i n g ,  'I Proceedings of Conference on 
High Magnetic Fields, (KoZm, e d . ) ,  MI9 Press, p p .  370-378, 1962 
The s h i e l d i n g  o f  space vehic les f rom s o l a r  f l a r e s  and cosmic ray 
pr imary  r a d i a t i o n  by magnet ic f i e l d s  i s  considered. A x i a l l y  symmetric 
f i e l d s  such as t h e  d i p o l e  f i e l d ,  the f i e i d  o f  a c i r c i l l a r  l ~ o p ,  f i n i t e  and 
i n f i n i t e  so lenoids and a deformed t o r o i d a l  geometr ics a r e  discussed i n  
terms o f  t h e i r  s h i e l d i n g  e f f e c t i v e n e s s .  A comparison i s  made o f  t h e  
s h i e l d i n g  masses r e q u i r e d  f o r  passive s h i e l d i n g  and a c t i v e  s h i e l d i n g  u s i n g  
the  var ious  f i e l d  c o n f i g u r a t i o n s .  Also t h e  unusual requirements o f  magnet ic 
s h i e l d s  such as f i e l d  s t r e n g t h ,  s to red  energy and s t r u c t u r a l  s t r e n g t h  a r e  
s t a t e d  . 
CZadis, J .  B. ,  e t  aZ., "Feasibi Z i t y  of Magnetic Orbital Shielding System, 'I 
Lockheed Missiles and Space Company, Technical Report 8-94-64-2, 236 p .  
1 7  re fs . ,  1964 
The s h i e l d i n g  o f  spacecra f t  aga ins t  bomb-injected e l e c t r o n s  w i t h  
magnet ic d e f l e c t i o n  systems i s  i n v e s t i g a t e d .  
the  f i n i t e  loop are discussed us ing t h e  Stormer theory.  
t i veness  o f  loops comparable i n  s ize  t o  a space v e h i c l e  i s  i n v e s t i g a t e d  by 
computing l a r g e  numbers o f  e l e c t r o n  t r a j e c t o r i e s  assuming c e r t a i n  i n c i d e n t  
f l u x e s  and observ ing  t h e  number and p o s i t i o n s  o f  the  i n t e r s e c t i o n s  o f  t r a -  
j e c t o r i e s  w i t h  a f i c t i t i o u s  spacecraf t  sur face .  The advantages and d i s -  
advantages o f  c e r t a i n  mu1 ti 1 oop magnet c o n f i g u r a t i o n s  are considered. The 
e f f e c t s  o f  h i g h  magnet ic f i e l d s  on var ious e l e c t r o n i c  components a r e  d i s -  
cussed. The r e s u l t s  o f  an exper imental  program t o  design, c o n s t r u c t ,  and 
operate a superconduct ing 1.2 x lo5 ampere-turn c o i l  s i x  f e e t  i n  d iameter  
a re  a l s o  presented. 
The s h i e l d i n g  by a d i p o l e  and 
The s h i e l d i n g  e f f e c -  
34 
Dow, N. F., S .  P. Shen and J .  F .  Heyda, "Evaluation of Space Vehicle 
ShieZding,n General Elec tr ic ,  R62SD31, 124 p. ,  1962 
A general  method o f  e v a l u a t i n g  the e f f i c i e n c y  o f  space v e h i c l e  
s h i e l d i n g  i s  developed and used t o  compare var ious a c t i v e  and pass ive  
systems f o r  p r o t e c t i o n  a g a i n s t  i o n i z i n g  r a d i a t i o n .  
magnets a re  found useless f o r  a c t i v e  s h i e l d i n g ,  and combined a c t i v e -  
pass ive  systems i n  general  a re  determined t o  be i n e f f i c i e n t .  On t h e  o t h e r  
hand, e v a l u a t i o n s  show t h a t  a c t i v e  e l e c t r o s t a t i c  s h i e l d i n g  may have pos- 
s i b i  l i t i e s  f o r  we igh t  savings i f  e l e c t r i c a l  c o n d i t i o n s  ( p r e s e n t l y  unknown) 
a r e  f a v o r a b l e  t h e r e f o r  i n  space. Further,  a p o s i t i v e  p o t e n t i a l  improve- 
ment i s  c a l c u l a t e d  f o r  an a c t i v e  s h i e l d i n g  system which u t i l i z e s  super-  
conduct ing Nb3Sn t o  p r o v i d e  a conf ined magnet ic f l u x  t o  d e f l e c t  i n c i d e n t  
charged p a r t i c l e s ;  t h i s  p o t e n t i a l  p o i n t s  toward s u b s t a n t i a l  reduc t ions  i n  
s h i e l d  we igh t  f o r  t h e  p r o t e c t i o n  o f  l a r g e  veh ic les  f rom h i g h l y  e n e r g e t i c  
p a r t i c l e s .  (Author )  
A v a i l a b l e  permanent 
Ednonson, N., C. D. Vemers and F.  L.  Gibbons, IIShieZding of Space Vehicles 
by . ,V~pz t ic  F i e 1 . d ~ ~  ' I  Proc. o f  the Symposium on the Protection Against Radi- 
atzon Hazards i n  Space, Gatlinburg, Tennessee, November 5-  7 ,  1962, AEC T I E  
7652, 1962 
A program has been i n i t i a t e d  a t  General Dynamics/Fort Worth t o  s tudy  
var ious  aspects o f  magnet ic s h i e l d i n g  o f  space veh ic les .  
program, a procedure has been formulated and coded f o r  the  IBM-7090 computer 
f o r  r a p i d l y  computing the f i e l d  o f  an opt imized superconduct ing so lenoid.  
another  phase, samples o f  NbZr w i r e  have been i r r a d i a t e d  w i t h  n e u t r a l  p a r t i c l e s  
f rom two sources. P r e l i m i n a r y  r e s u l t s  a re  now a v a i l a b l e .  I r r a d i a t i o n  w i t h  
1 0 l 1  neutrons p e r  cm2 f rom t h e  D-T r e a c t i o n  showed no chan e i n  t h e  c r i t i c a l  
c u r r e n t  versus magnetic f i e l d  curve. I r r a d i a t i o n  w i t h  lo1! neutrons ( > 2 . 9  MeV) 
p e r  cm2 showed a s l i g h t  downward s h i f t  i n  t h e  c r i t i c a l  c u r r e n t .  
t o  say whether t h i s  s h i f t  was due t o  t h e  i r r a d i a t i o n  o r  due t o  t h e  environment 
d u r i n g  t h e  i r r a d i a t i o n .  (Author )  
I n  one phase o f  t h e  
I n  
It i s  d i f f i c u l t  
Hawkins, S.  R., "A Six-Foot Laboratory Superconducting Ma-pet Sgstem fo r  
Magnetic Orbital Sate l l i t e  Shielding,-" International Advances i n  Cryogenic 
Engineering, Plenum Press, p p .  124-136, AD-619 801 Diu. 20/6,  1965 
As a p a r t  o f  a f e a s i b i l i t y  study, a program was undertaken t o  design, 
c o n s t r u c t ,  and t e s t  a l a b o r a t o r y  superconducting magnet system which, as f a r  
as p o s s i b l e ,  i s  compat ib le  w i t h  the s h i e l d i n g  requirements o f  the  Agena ve- 
h i c l e  i n  the a r t i f i c i a l  r a d i a t i o n  b e l t .  
Kash, Sidney W. and R. F.  Trooper, I'Active Shielding for  bkmned Spacecraft," 
Astronautics, p p .  68-75, 36 refs., September 1962 
p r i n c i p l e s  o f  magnetic s h i e l d i n g  are o u t l i n e d  u s i n g  Stormer theory.  
The charged p a r t i  c l e  r a d i a t i o n  env i  ronment i s  discussed and the  
35 
Lev3,  R. H . ,  "Rad ia t ion  S h i e l d i n g  of Space Vehicles by  Means of Super- 
conduc t ing  Coils," AVCO RR 106, 1961 
The general  problem o f  s h i e l d i n g  t h e  occupants o f  manned space 
v e h i c l e s  f rom var ious r a d i a t i o n s  l i k e l y  t o  be encountered i n  space f l i g h t  
i s  discussed, and var ious pub l ished papers on the  s u b j e c t  a re  b r i e f l y  
reviewed. The review i n d i c a t e s  t h e  importance o f  the problem and the  
i n t e r e s t  t h a t  would a t t a c h  t o  a r a d i c a l  s o l u t i o n .  One p o s s i b i l i t y  i s  
s h i e l d i n g  by t h e  permanent magnetic f i e l d  o f  a superconduct ing c o i l .  
d e t a i l e d  a n a l y s i s  i s  made o f  t h e  s h i e l d i n g  t h a t  c o u l d  be p r o v i d e d  by such 
a c o i l  and a p r e l i m i n a r y  es t imate  o f  t h e  we igh t  o f  such a dev ice i s  made 
pay ing  p a r t i c u l a r  a t t e n t i o n  t o  the weight o f  the s t r u c t u r e  r e q u i r e d  t o  
suppor t  t h e  c o i l .  A comparison i s  made o f  the  weights  c a l c u l a t e d  i n  t h i s  
way w i t h  t h e  w e i g h t  o f  t h e  spher ica l  H20 s h i e l d  which would g i v e  comparable 
p r o t e c t i o n .  
A 
Levy,  R. H . ,  "The P r o s p e c t s  f o r  A c t i v e  S h i e l d i n g , N  AVCO, AW-94,  1962 
Recent work on a c t i v e  s h i e l d i n g  i s  reviewed. E l e c t r o s t a t i c  s i i ie:ding 
It i s  found t h a t  f o r  s u f f i c i e n t l y  
i s  d iscussed and appears u n a t t r a c t i v e .  
compared w i t h  m a t e r i a l  (pass ive)  s h i e l d i n g .  
l a r g e  s i z e s  magnetic s h i e l d i n g  w i l l  always be s u p e r i o r ,  b u t  t h a t  t h e  s i z e s  
i n v o l v e d  are ext remely l a r g e .  
b lowing  a h o l e  i n  t h e  i n t e r p l a n e t a r y  f i e l d  (a long which t h e  pro tons  move) 
w i t h  an atomic bomb i s  mentioned, but  i t  appears t h a t  such a s h i e l d  would 
v i o l a t e  L i o u v i l l e ' s  theorem. 
Magnetic s h i e l d i n g  i s  d iscussed and 
The p o s s i b i l i t y  o f  s h i e l d i n g  a s p a c e c r a f t  by 
Levy ,  R. H .  and G. S .  J a n e s ,  "Plasma R a d i a t i o n  S h i e l d i n g , "  AVCO, RR 192,  
10 pp . ,  1964 
A new scheme i s  suggested which i s  in tended t o  make p o s s i b l e  t h e  
maintenance o f  a space v e h i c l e  a t  a p o t e n t i a l  o f  severa l  hundred m i l l i o n  
v o l t s  above i t s  surroundings. Such a v e h i c l e  would be e l e c t r o s t a t i c a l l y  
s h i e l d e d  a g a i n s t  h i g h  energy i n c i d e n t  protons,  b u t  would a t t r a c t  e l e c t r o n s  
f rom t h e  i n t e r p l a n e t a r y  plasma. The key t o  t h e  maintenance o f  the  p o t e n t i a l  
i s  t h e  c o n t r o l  o f  these e l e c t r o n s  by a magnet ic f i e l d .  The magnet ic f i e l d  
s t r e n g t h  r e q u i r e d  t o  c o n t r o l  these e l e c t r o n s  i s  f a r  l e s s  than the s t r e n g t h  
r e q u i r e d  (as i n  a pure magnetic s h i e l d )  t o  c o n t r o l  e n e r g e t i c  p ro tons .  
a r e s u l t ,  eng ineer ing  est imates o f  t h e  weight  o f  t h i s  dev ice (assuming 
superconductors) show t h a t  i t  o f f e r s  the  p o s s i b i l i t y  o f  a s u b s t a n t i a l l y  
inc reased s h i e l d e d  volume p e r  u n i t  we igh t .  
As 
36 
Levy, R. H .  and G. S. Janes, "The Electron Plasma - Experiment Theory and 
Applications," AVCO, A W  160, 12 pp . ,  1965 
The b a s i c  concepts i n v o l v e d  i n  the  p r o d u c t i o n  and c o n t r o l  o f  pure 
e l e c t r o n  and e l e c t r o n  r i c h  plasmas are reviewed, w i t h  p a r t i c u l a r  re fe rence 
t o  t h e  d i f f e r e n t  geometries i n  which e q u i l i b r i u m  may be achieved. 
t i v e  method o f  e s t a b l i s h i n g  a r b i t r a r y  e q u i l i b r i u m  p r o f i l e s  i s  descr ibed.  
Recent t h e o r e t i c a l  work on the s t a b i l i t y  o f  some p a r t i c u l a r l y  s imp le  
e q u i l i b r i a  i s  then discussed. I n s t a b i l i t i e s  considered are: 1 )  The so- 
c a l l e d  d i o c o t r o n  ( o r  s l i p p i n g  stream) i n s t a b i l i t y ,  t h i s  i n s t a b i l i t y  (whose 
importance i n  magnetron work i s  w e l l  understood) i s  r e l a t e d  t o  the K e l v i n -  
Helmholtz i n s t a b i l i t y  i n  f l u i d  mechanics; 2 )  A new mode i n v o l v i n g  spontaneous 
coherent  r a d i a t i o n  i n t o  space as a r e s u l t  o f  bunching. This  e f f e c t  can be 
descr ibed as the " f l e x i b l e  antenna i n s t a b i l i t y " .  Both these i n s t a b i l i t i e s  
a re  considered f o r  low d e n s i t y  e l e c t r o n  beams ( t h a t  i s ,  o << wC). 
exper iments are discussed. The o b j e c t  o f  t h e  f i r s t  i s  t o  produce a s t a b l e  
e l e c t r o n  plasma i n  a s imple geometry. 
p r a c t i c a b i l i t y  o f  the  i n d u c t i v e  charg ing scheme. A b r i e f  rev iew o f  s e l e c t e d  
a p p l i c a t i o n s  o f  t h e  e l e c t r o n  plasma i s  a l so  given; these i n c l u d e  space r a d i -  
a t i o n  s h i e l d i n g  and c e r t a i n  h i g h  vo l tage l a b o r a t o r y  devices. 
An induc-  
Two P 
The second i s  designed t o  t e s t  t h e  
Norwood, J .  M . ,  "The Combination of Active and Passive Shielding, l r  Pro- 
ceedings of the Symposium on the Protection Against Radiation Hazards in 
Space, GatZinburg, Tennessee, November 5- 7,  1962 
I t  i s  conceivable t h a t  improved s h i e l d i n g  o f  space v e h i c l e s  a g a i n s t  
h igh-energy charged-par t i  c l e  r a d i a t i o n  can be ob ta ined by combining a c t i  ve 
and pass ive  s h i e l d i n g .  Methods o f  s h i e l d i n g  c a l c u l a t i o n s  and some p r e -  
l i m i n a r y  observa t ions  p e r t a i n i n g  t o  ac t i ve-pass ive  s h i e l d i n g  are g iveh.  
a n a l y s i s  based on t h e  f i e l d  o f  a magnetic d i p o l e  i n d i c a t e s  t h a t  we igh t  sav ings 
i n  b u l k  s h i e l d i n g  can be accomplished. 
An 
(Author )  
Nomood, J .  M.  and F. L. Gibbons, "Studies of Magnetic Shielding and 
Superconductivity, If General Dynamics Report ERR-FW-210, (AD-4231 78) ,  1963 
a g a i n s t  cosmic ray p a r t i c l e s  using t h e  magnetic f i e l d  o f  a f i n i t e  loop.  
The a u t h o r  ques t ions  t h e  n e g l e c t  o f  t h e  dimensions (c ross  s e c t i o n a l )  o f  
t h e  conductor i n  o b t a i n i n g  the expression f o r  the vec tor  p o t e n t i a l  which 
i s  used t o  determine t h e  sh ie lded reg ion .  By cons ider ing  a c o i l  o f  f i n i t e  
dimensions he o b t a i n s  an expression f o r  the v e c t o r  p o t e n t i a l  which i s  q u i t e  
compl icated. The e f f e c t  o f  t h e  new v e c t o r  p o t e n t i a l  on the dimensions o r  
t h e  e f f e c t i v e n e s s  o f  t h e  sh ie lded r e g i o n  were n o t  inc luded.  
The t h e o r e t i c a l  p o r t i o n  o f  t h i s  r e p o r t  deals w i t h  the  s h i e l d i n g  
37 
Prescott, A. D. ,  E.  W. Urban and R. D. Shelton, " f i e  Application of the 
Liouville Theorem t o  Magnetic Shielding Problems, I f  Proc. o f  Symposiwn on 
Protection Against Radiation Hazards i n  Space, Gat linburg, Tennessee, 
October, 1964 
The Liouville theorem and the Stormer theory of allowed and for- 
bidden regions are used t o  o b t a i n  charged par t ic le  distributions and flux 
ratios for  a s t a t i c  magnetic dipole field.  
regions for  magnetic quadrupole fields,  octopole f ie lds ,  and f ie lds  due 
to  double current loops are presented. 
The allowed and forbidden 
Tooper, R. F. and W. 0. Davies, "Electromagnetic Shielding o f  Space 
Vehicles," IAS Paper No. 62-156, 30 p p . ,  32 w f s . ,  June, 1962 
using superconducting coi ls  has been considered. 
appears to  require less payload capability t h a n  passive (bulk) shielding 
for long missions and h i g h  energy particles. 
charged particles i n  space are briefly summarized. The shielded regions 
for  charges moving i n  a dipole f ie ld  are discussed. Protons o f  energy 
less t h a n  866 Mev are completely shielded and those of ener y less t h a n  
8.1 Bev are par t ia l ly  shielded by a dipole of moment 3 x loy1 gauss cm3 
over the equator o f  a sphere of diameter 2 meters; shielding i s  less 
effective away from the equatori a1 plane. Particle t ra jector ies  have 
been calculated to determine shielding effectiveness in the par t ia l ly  
shielded regions. Design parameters are given for  two sample niobium-tin 
solenoids. The f i r s t  has a magnetic moment of 3 x 1O1I gauss cm3 and 
weighs 2450 1 b.  (exclusive of the cryogenic system). 
magnetic moment of 3 x 1 0 l 2  gauss cm3, weighs 4750 lb . ,  and gives a basic 
radius f o r  ths sh ie lded  region of 9 meters for  500 Mev protons. (Author) 
The shielding of space vehicles by dipole-like magnetic f ie lds  
Magnetic shielding 
The energy distributions o f  
The second has a 
Tooper, R. F . ,  "EZectromagnetic Shielding Feasibi l i ty  Study,!' Wright- 
Patterson AFB, Ohio, h p t  Nr ASD-TDR-63-194, 143  p p . ,  100 refs., 1963 
This report discussed the shielding of personnel against charged 
par t ic les  in space using e l ec t r i c  or magnetic f ie lds .  
t r i  bution and other characterist i  cs of charged particles in space are 
summarized. 
concentric charged conducting spheres) for  protection against 1-Mev electrons 
and  500-Mev protons i s  discussed. Shielded regions for  charges in a magnetic 
dipole f ie ld  are discussed. A method i s  given fo r  calculating t ra jector ies  
of particles incident on a magnetic dipole in a parallel beam, with sample 
t ra jector ies  i l lus t ra ted .  The vector potential of a cylindrical solenoid 
i s  used to  get the shielded region for L/R = 1.00,  R / C s t  = 0.40. The mass 
of conductors and structure of superconducting solenoids are calculated in 
terms o f  the geometry and  dipole moment. 
moment 5.66 x 10l2 gauss cm3, radius and  length 4 meters, weighs 417,000 l b . ,  
The energy dis- 
The operation and s tab i l i ty  of an e lec t ros ta t ic  shield (two 
A nonoptimum sample has a magnetic 
38 
and p r o t e c t s  ~ 5 0  meters3 from 1-Bev protons. 
cou ld  be made 1/10 t h e  mass o f  a comparable pass ive  s h i e l d  f o r  1-Bev pro tons .  
S t r u c t u r a l  cons idera t ions  and p r e l i m i n a r y  s h i e l d e d  volume s tud ies  i n d i c a t e  
t h a t  f u r t h e r  decrease i n  mass cou ld  be ob ta ined us ing  an op t im ized c y l i n d r i c a l  
so leno id .  R e c o m n d a t i  ons f o r  f u tu re  work emphasize f u r t h e r  s tud ies  o f  cy1 i n -  
d r i  c a l  so leno ids  and o t h e r  c u r r e n t  con f igu ra t i ons .  
A s i n g l e - t u r n  magnetic s h i e l d  
(Author)  
Urban, E. W.,  Y!harged Particle Motion i n  Axially Symmetric Magnetic 
Fields, I' Masters Thesis, University of Alabama, 1963 
p a r t i c l e  motion i n  a x i a l l y  symmetric magnetic f i e l d s  i s  reviewed and 
a p p l i e d  t o  t h r e e  new magnetic con f igu ra t i on - - the  magnetic quadrupole, 
a system o f  two p a r a l l e l  c i r c u l a r  loops wi th  the  cu r ren ts  i n  the  same 
d i r e c t i o n ,  and a s i m i l a r  system w i t h  cu r ren ts  opposing. I n t e r e s t i n g  
fo rb idden  regions, analogous t o  those ob ta ined by others f o r  the d i p o l e  
and s i n g l e  c u r r e n t  loop, are found and discussed. 
metnod, based on the ex i s tence  o f  saddle p o i n t s  i n  a p o t e n t i a l  f u n c t i o n  
analog, i s  developed and a p p l i e d  t o  the de terminat ion  o f  systm p a r a w t e r  
values which g i v e  optimum s h i e l d i n g .  
The Stormer theory  o f  a l lowed and fo rb idden reg ions f o r  charged 
A u s e f u l  mathematical 
White, Elmer, "Technique for  Culculating Trajectories of Singly Charged 
Particles i n  a S t a t i c  Magnetic Field for Shielding Purposes," A i r  Force, 
Aeronautical Syst .  Div., TDR-63-72, AD406-384, 1963 
The i n t e r a c t i o n s  between a charged p a r t i c l e  and an e x t e r n a l l y  a p p l i e d  
s t a t i c  magnetic f i e l d  are reviewed. The elementary e f f e c t s  t h a t  i n v o l v e  t h e  
i n t r o d u c t i o n  o f  an e n e r g e t i c  charged p a r t i c l e  i n t o  a magnetic f i e l d  are d i s -  
cussed. Equations are de r i ved  f o r  the magnetic f l u x  dens i t y  and f o r  c a l -  
c u l a t i n g  the t r a j e c t o r i e s  o f  s i n g l y  charged p a r t i c l e s .  A l s o  discussec! are  
t h e  a p p l i c a t i o n s  of these equations and the  boundary cond i t i ons .  
equat ions are then adapted t o  t h e  FORTRAN program. The use o f  t he  FORTRAN 
program and the method o f  data i n p u t  are exp la ined.  Sample problem data, 
a p r i n t o u t  o f  t he  program deck, and p r i n t o u t s  o f  the s o l u t i o n s  t o  the 
problems are a l s o  presented. (Author)  
These 
Zaytsev, V . ,  "Magnetic Armor Protects Against Cosmic Showers, 'I Translation, 
A i r  Force Systems Cornand, FTD-!M' 63-760, 9 p p . ,  1963 
A nontechn ica l  d iscuss ion  o f  t h e  magnetic s h i e l d i n g  o f  space veh ic les  
from cosmic r a d i a t i o n  i s  given. 
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13. ABSTRACT 
This annotated bibliography on the theory of charged 
par t ic le  motion in  magnetic fields and the shielding against 
charged particle radiation using magnetic fields is divided 
into five sections: 
ticle motion and cosmic rays ,  2 )  motion of untrapped pa r -  
t icles i n  magnetic fields, 3) motion of trapped particles 
in magnetic fields, 4) ring cur ren ts  in  the magnetosphere 
and 5 )  space radiation shielding using magnetic and 
electr ic  fields. 
in the interaction of cosmic rays and energetic solar  
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in the active niethods of shielding against space radiation. 
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